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Yildirim. Deniz (Ph.D.. Electrical Engineering)

COMMISSIONING OF 30 kVA VARIABLE-SPEED, DIRECT-DRIVE WIND POWER 

PLANT

Thesis directed by Professor Ewald F. Fuchs

Most wind turbines in service today employ induction generators together with a 

step-up mechanical gear so that the operational speed is close to the synchronous speed 

of two or four-pole generators. Because of the torque-speed characteristic of induction 

generators, the range of speed change is rather small: therefore, the operational speed 

can be considered to be nearly constant. Mechanical gears are subject to wear and 

tear, reduce reliability of the drive train and add to its weight. The maximum power 

that can be extracted from wind varies with its speed. Therefore, a direct-drive system, 

where a wind turbine is directly coupled to the generator shaft, is desirable along with 

a variable-speed operation.

The variable-speed. direct-drive train described in this thesis consists of a low- 

speed. permanent-magnet generator (60 to 120rpm), a resonant rectifier and a pulse- 

width-modulated inverter. It supplies ZQkV A/26kW  apparent/real power to the utility 

system at leading and unity power factors for a given DC link voltage. The amplitude 

and phase (leading, unity) of the AC current delivered to the utility system are con­

trollable and the voltage/current wave forms at the point of common coupling satisfy 

standard IEEE-519. The overall efficiency of the drive train is about 83% (excluding 

the generator), whereby the rectifier has an efficiency of 86% and the inverter efficiency 

is around 95%.

Using two different approaches (computer-aided and three-voltmeter methods), 

the losses of inductors are measured for the frequency range of 0 to 6kHz. Measure­

ment errors of both methods are less than 10% when measuring a few watts. The AC
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resistance increase of a Litz-wire inductor without a  core is smallest among all of the 

inductors being tested. Stranding of individual (uninsulated) wires to obtain a flexible 

cable results in more losses than using a solid cable having the same cross-sectional area 

as that of a stranded cable.

Nonsinusoidal voltages and currents in a power system can produce an additional 

power, called distortion power, generated from the cross products of voltage and current 

harmonics of different frequencies. This additional power increases system losses that 

cannot be easily compensated. Existing definitions of distortion power are not quite 

correct either from a numerical or a physical point of view because they involve voltage 

and current harmonics of the same frequency; therefore, a correct formulation is given 

which agrees well with experimental results.

When a transformer is operating under nonsinusoidal voltages and currents, its 

apparent power output must be reduced (derating) in order not to exceed the rated 

temperature. Comparison of measured derating values with ones obtained from K — and 

Fhl —factor approaches reveals that the K —factor approach yields somewhat greater 

derating values than the Fh l ~factor approach. The losses of conductive materials 

in the presence of magnetic fluxes are also investigated and it has been found that the 

maximum losses in these components occur at a specific (material-dependent) frequency. 

The losses are proportional to the power of 0.8 below this frequency and are inversely 

proportional to the power of 0.9 above this frequency.
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C H A P T E R  1

IN T R O D U C T IO N

During the past ten years of research, design and construction of a 30 kVA 

variable-speed (60 to 120rpm) direct-drive wind power plant has been conducted in 

the Department of Electrical and Computer Engineering of the University of Colorado 

at Boulder. Most support for this project [1, 2] was provided by the National Renewable 

Energy Laboratory (NREL) in Golden. The primary work for design and construction 

of the Iow-speed permanent magnet generator is described in [3. 4. 5. 6]. This generator 

has been extensively tested [7] and mounted on a tower at the National Wind Technol­

ogy Center (NWTC) of NREL. The 30kVA three phase PWM (pulse-width-modulated) 

inverter has been tested on the bench and reported in [6] for output powers of 20kW  

at about unity-power factor, without employing a transformer between the inverter and 

the power system of Public Service Company of Colorado, and without final mounting 

of the components within a steel cabinet. The zero-current-switch resonant rectifier has 

been assembled and tested [6] on the bench up to Z.2kW at low input and output volt­

ages without control of the output voltage, and the components did not work properly 

within the environment of a steel cabinet.

Preliminary results of the above work have been reported in [8, 9, 10], and two 

invention disclosures were submitted to the Office of Intellectual Resources and Tech-
I

nology Transfer of the University of Colorado at Boulder [11, 12].

; The goal of this dissertation was to resume the work on the design and testing
I
1
I

j
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of the individual components of this project - the resonant rectifier, the PWM inverter 

including the current control for reai/reactive/apparent powers - and to make all com­

ponents work together so that, for a variable turbine speed varying from 60 to 120 rpm, 

a variable power at constant nominal frequency (e.g.. 60 Hz) and at constant nominal 

voltage (e.g.. 240 Vl- l)  is supplied to the utility system, whereby the current wave 

shapes including the displacement factor and current amplitude are controllable.

The work of this dissertation encompasses the following topics:

1. 20 kW Three-Phase. Zero-Current-Switch (ZCS) Resonant Rectifier.

• Redesign of the input filter for higher voltage (60010 and current (40A) 

stresses. A damping network is also added to the input filter.

• Series connection of input bridge diodes to accommodate higher voltage 

(2000V) stresses.

• Redesign of tank diodes and transistor (IGBT. insulated-gate-bipolar tran­

sistor) for higher voltage (1400V) and current (200/1) stresses.

• Design of the control circuit providing constant DC output voltage (e.g.. 

360 V) at variable AC input voltage (e.g.. 300 V ^ - i  to 600 Vl- l)

• Mounting of rectifier components within a steel cabinet, and solution of 

EMI (electromagnetic interference) problems.

• Debugging of the rectifier to deliver, at rated inputs, the rated output 

quantities.

2. 30 kVA Three-Phase Current-Controlled PWM Inverter.

• Employment of a three-phase transformer between inverter and power sys­

tem.

| • Debugging of the phase-lock-Ioop and gating circuits and to improve their

| operating stability.

iI
I
I

i
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• Addition of a harmonic tuned filter at the point of common coupling (PCC) 

to reduce the high frequency harmonic current flowing into the power sys­

tem and to obtain a sinusoidal voltage waveform at the output of inverter 

before connecting it to the power system.

• Before connecting to the utility system, the required AC sinusoidal output 

voltage ( 2 6 0 AC) for a given DC input voltage (340V DC) can be 

obtained by operating the PWM inverter with a modulation index greater 

than 1 (m > 1) - independent of the operating point of the inverter. This 

operating mode is novel: it improves the sinusoidal wave shape of the 

inverter output voltage and current, reduces switching losses, and reduces 

the input DC voltage required when compared to PWM with m < 1.

•  Introduction of a phase-shifting input transformer, to make the displace­

ment power factor of the inverter adjustable.

•  Mounting the inverter components within a steel cabinet and to remove 

parasitic EMI problems.

• Establishing control surfaces for apparent power S and real power P  as a 

function of the reference-current signal V [ rc f  varying between 0.9V and 7V.

• The real and reactive power flow generated by the PWM inverter and fed 

into the utility system is investigated using fundamental and harmonic 

phasor analyses.

3. Joint operation of the ZCS rectifier and the PWM inverter -  mounted in steel 

cabinets -  delivering rated power to the utility system.

4. Conceptual design of a Transversal Flux Machine (either motor or generator), 

providing high torques (5 kNm to 2.5 kNm) at low speeds (60 rpm to 120 rpm) 

based on alternating magnetic field theory. The work of [13] has been extended 

and two invention disclosures have been submitted [14, 15].
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5. In a circuit where the load is nonlinear or the source has nonsinusoidal quanti­

ties. the apparent power is not simply S  = \ / P 2 -h Q2: another type of power 

called distortion power (D) is generated by the cross products of voltage and 

current harmonics of different frequencies. For nonsinusoidal voltages and cur­

rents the apparent power is defined as S  = \JP 2 +  Q2 -f D2. This additional 

power D increases the load current (apparent power 5  gets larger) and causes 

additional losses. Past definitions of the distortion power are reviewed and most 

are found not to be correct either from a numerical or physical point of view. 

A proper formulation is derived for the computation of D from the individual 

voltage and current harmonics not containing voltages and currents of the same 

frequency. Experiments are performed to measure the distortion power for a 

variety of load conditions, i.e.. for different TH D i  and T H D V values.

6. Measurement of losses of inductors employed in different parts of the drive 

system, using two different approaches. Two methods for measuring losses 

of inductors at frequencies from 0 to 6kH z  are discussed: the first involves 

the use of sampled inductor voltage and current wave forms through an A/D 

converter and a computer. The second, called three-voltmeter method, consists 

of recording the rms values of three sinusoidal voltages. Error analyses of the 

two approaches are presented.

7. Measurement of the derating of single-phase transformers operating at nonsinu­

soidal voltage and current wave forms, and comparison of the measured derating 

values with those obtained from K-factor and harmonic-loss factor {Fh l ) ap­

proaches.

In the following it is assumed that the reader is familiar with the primary refer­

ences of this work [1] to [16] and an effort will be made to complement and if necessary 

correct the statements and ideas of these references - thus repetition will be avoided.
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Many of today:s wind turbines employ standard, off-the-shelf induction genera­

tors. along with a step-up mechanical gear operating at nearly constant speeds. Mechan­

ical gears are subjected to wear and tear, are expensive, reduce reliability [17], reduce 

efficiency of the drive train and add to its weight. Therefore, in wind power generating 

plants, direct-drive trains without any mechanical gears are desirable. Figure 1.1 illus­

trates the power curve of a wind turbine at two different wind speeds [18]. where the

Acrixlvnuimc Power for Two Different RPM
ujo

P c

Po

R P M o

■ I 10
W imi S peed < m/%)

Figure 1.1: Power versus wind speed at two different rotor speeds [18].

output power of the wind turbine for a given wind speed peaks to a maximum value. 

Therefore, by allowing the rotor speed to vary with the wind speed, wind turbines can 

extract the maximum power available at different wind speeds [17].

Figure 1.2 shows the schematic diagram of a variable-speed, direct-drive wind

Synchronization

480 V 
60 Hz

:o8 v
60 Hz

360 VDC 
60 A

permanent
magnet

wind
turbine

zcs
resonant
rectifier

PWM
inverter

generator
310 Vac<\LL<600 VdC 
62 to 120 rpm 
6.2 to 12 Hz

A B C  
480 Vu. 
power grid

Figure 1.2: 30 kVA variable-speed, direct-drive wind power plant, 

power plant. The permanent magnet (PM) generator operating at low speeds, e.g.,
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60 — 120rpm, produces a three-phase variable AC voltage. 310V to 600V line-to-line, 

at a frequency of 6 — 12H z  and at a rated power of 20kW  for some operating points. 

If a relatively heavy longitudinal PM generator or a transversal PM generator is used, 

the gear box between the turbine and the PM generator can be eliminated, resulting in 

reduced weight requirements for the tower. Three-phase AC voltage is then fed to the 

rectifier operating at slightly leading input power factor to produce a nearly constant 

DC voltage independent of input voltage amplitude and frequency variations and load 

changes. A current-controlled PWM inverter then converts the DC voltage to three- 

phase AC currents at a system line-to-line voltage of 240V. The output frequency of 

the inverter is locked to the nominal power-grid frequency of 60H z. The amplitude 

and the phase of the AC current fed into the power system are controllable through 

the adjustment of the three-phase reference currents, resulting in powers delivered at 

leading and lagging power factors to the power system. To provide an isolation and to 

ease the testing of the entire system, a three-phase transformer is placed between the 

inverter and the power grid. In later applications such a transformer can be omitted.

The total installed capacity of wind power plants has reached about 1.8 GW in 

North America in 1994 [19j. Most of these plants employ induction generators with 

a speed-up gear operating at nearly constant speed. There is no direct-drive variable- 

speed wind power train of this type on the market yet. Therefore, the work of this 

dissertation and the prior work [1] to [12] can considered to be novel and the first of its 

type.
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C H A P T E R  2

20 kW  T H R E E -P H A S E , Z E R O -C U R R E N T -S W IT C H , R E SO N A N T  

R E C T IF IE R

2.1 In trod u ction

A zero-current-switch (ZCS). resonant rectifier is used to convert the three-phase 

AC voltage of variable amplitude and frequency to a constant DC voltage. As shown 

in Figure 2.1, the rectifier utilizes only one switch, an insulated gate bipolar transis­

tor (IGBT). resulting in a relatively simple, however, nonlinear control circuitry. The 

operation of the rectifier is based on a resonant circuit between three tank inductors 

(L r ) and a tank capacitance (Cr ). resulting in a zero-current-at-turn off property in 

the IGBT. The complete treatment of rectifier is explained in [20] and [21] for low power 

applications (a few hundred watts).

2.2 Series C on n ection  o f D iod es an d  IG B T s

When the peak voltage across a switching device is in the range of thousands of 

volts, it may be necessary to connect several switching devices in series because of two 

reasons: the unavailability of a device with such a high voltage rating, or it may not be 

economically feasible to go in some applications to a higher voltage rating device. To 

achieve an equal voltage sharing in a series connection, the voltage sharing dining the 

off-state (steady state) and during transients (turn-on and turn-off) must be considered 

[22, 23].
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Figure 2.1: Zero-current-switch resonant rectifier; note the base-load resistor =  82fi 
can be disconnected when rectifier supplies power to inverter.
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For the input diode bridge of the rectifier, fast 100 A /1200 V diodes were em­

ployed. The voltage stress across one diode was approaching its rated voltage at 400 

V'i-L rms input voltage. Therefore, it was necessary to increase the voltage ratings of the 

input bridge diodes. It was not feasible to buy fast diodes with a higher voltage rating; 

instead to share the voltage, fast 150 A /1000 V diodes were connected in series. At the 

maximum generator output voltage of 600 Vl - l rms the voltage across one diode branch 

is equal to the maximum tank capacitor voltage [21], e.g., Vak =  2 • y/2 - 600 =  1697 

volts. To provide safety margins, it was decided to connect three fast 150A/1000 V 

diodes in series. The total voltage rating of one leg of the input bridge is. therefore. 

3000 volts. Fast diodes (having low junction capacitance Cj) should be chosen such that 

their characteristics are matched as closely as possible to ensure that each diode shares 

equally one-third of the total voltage during their off state. Since diodes carry the same 

leakage current during their off state, unequal voltage sharing will be inevitable because 

of somewhat unmatched I-V characteristics.

Since it is not possible to find completely matched diodes, a parallel resistor is 

placed between the anode and cathode of each diode. The current in this resistor is 

chosen such that it is larger than the leakage current of diodes: then the voltage sharing 

at steady state will be independent of the leakage current. In addition, a capacitor with 

a capacitance of 10 -Cj (where Cj is the junction capacitance of the diode) is connected 

in parallel to each diode, to ensure voltage sharing from a dynamic point of view. RC 

snubber circuits are also employed to ease the stresses on the diodes during turn-on 

and turn-off. The series connection of three diodes along with required resistors and 

capacitors are shown in Figure 2.2. The rectifier is operated with the diodes connected 

in series, and the peak voltage of one diode and total voltage across the series connected 

diodes are measured. Figure 2.3 shows that the maximum voltage across one diode is 

about 33% of the total voltage, showing an excellent voltage sharing. The oscillogram of 

the total voltage across the three series-connected diodes and that of the voltage across
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one of the diodes axe shown in Figure 2.4.

40 pF

4 0  p F
a p p l i e d

D ->
v o l t a g e

Figure 2.2: Series connection of three fast diodes.
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A voltage acc ro ss  one diode
« °  1

-I
a * *

0L
100 200 300 400

i n p u t  v o l t a g e ,  L—L r m s  (V)
500

Figure 2.3: Voltage sharing of three fast diodes connected in series.

Numerous papers have been published about the series connection of IGBTs 

[24, 25, 26] to increase the power capability of a converter. Equal-voltage-sharing meth­

ods similar to those of diodes should be employed, as well as gate charge controlled
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Figure 2.4: Voltage sharing of three series connected diodes, total voltage (lower trace) 
and voltage across one diode (upper trace), V™_L =  401V.4C, Vgut =  350VDC. lout = 
oADC. 200 V/div, 5 ms/div.

methods for voltage sharing, series. Equal voltage sharing at steady state is achieved 

by connecting a resistor between the collector and emitter of each transistor. The resis­

tors are chosen such that the current through them is larger than the leakage current of 

a transistor (Im A). Although the gating circuits are the same, the turn-on and turn-off 

times of the IGBTs can be different because of different gate capacitance values and 

stray inductances and capacitances in the circuit layout. This will result in a voltage 

spike at the faster IGBT during turn-off, which may be high enough to destroy the 

device. Therefore, it is necessary to limit the voltage spike and its rate of rise, dv/dt, by 

connecting an RC snubber across each switching device [27], so that the rise of voltage 

in each device will be nearly equal.

2.3 C on tro l C ircu it o f  R ectifier

The rectifier is controlled such that the DC output voltage is nearly constant, 

independent of changes in load and input voltage/frequency variations. In ZCS type 

resonant rectifiers, an increase in the switching frequency will result in an increase in the
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DC output voltage: therefore, the DC output voltage can be controlled by changing the 

switching frequency of the transistor. The switching frequency is changed between 6.5 

kHz and 24 kHz. corresponding to m i n i m u m  and maximum load, respectively. The block 

diagram of Figure 2.5 shows that the inputs to the control circuit are a DC reference 

voltage and the DC output voltage (negative feedback) and current (feed forward) of 

the rectifier: the block labeled as ZCS rectifier is given in Figure 2.1. The output 

voltage is compared with the reference voltage and the error voltage is fed to the limiter 

circuit, which limits the error voltage to a certain value, thereby limiting the maximum 

switching frequency.

3-phase supply

I I I
+, ' '

+

'ref +
o —*

error 
amplifiei limiter

f
VCO

ZCS
rectifier load

piecewis  ̂
amplifiei

feedback  ̂
gain

Figure 2.5: Block diagram of control circuit for rectifier.

The ground of the gating circuit is the same as the DC ground of the rectifier. 

The gating voltage is applied between gate and emitter of the IGBT. Since the emitter 

potential of the IGBT is at several hundreds of volts, applying the gating signal directly 

to the gate-emitter terminals of the IGBT will short-circuit the tank capacitor (Cr ). 

Therefore, the gating signal applied to the IGBT is isolated from the rest of the circuit 

by using an optocoupler. The optocoupler requires a floating power supply which has 

output voltages of +16 and -11 volts. The ground of this power supply is connected to 

the emitter of IGBT and is called a floating ground because its potential referred to the
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DC ground changes continually. Care should be taken to reduce the stray capacitance 

between this power supply and the DC ground of the rectifier, otherwise capacitively 

coupled currents will load the power supply above its rated current, and this will re­

sult in a failure of the power supply. One way to reduce the stray capacitance is by 

increasing the distance between the floating power supply and the DC circuit ground 

(e.g., cabinet in which rectifier is mounted). The zener diodes at the output of the 

optocoupler are employed to protect the gate of the IGBT from any overvoltages which 

might be occurring due to electromagnetic interference (EMI). The circuit diagram of 

the complete rectifier control circuit is documented in Appendix C.

When the transistor is turned on, its current starts to increase about linearly 

until it reaches the value of load current. At this time the freewheeling diode carries 

no current and L r  and C r  resonate together until the inductor current reaches zero. 

The input bridge diodes will prevent the inductor current from going negative. The 

transistor can be turned off at this time, but not necessarily: it can also be turned off 

during the interval when the capacitor voltage linearly discharges to zero [28]. Therefore, 

choosing a fixed on-time will turn off the transistor at zero current, reducing switching 

losses and achieving soft switching. The on-time of the gating signal is chosen as 24 

fj.sec. The interval during which the capacitor voltage remains zero should be positive 

[28], resulting in a limitation on the maximum switching frequency for a given load. 

Figure 2.6 shows the possible switching frequencies for different load conditions while 

the tank capacitor voltage remains zero for an interval of 8/is. An 8-step piecewise 

amplifier or A/D converter is used to approximate this frequency-versus-load nonlinear 

characteristic. This A/D converter adjusts the maximum switching frequency as a 

function of the rectifier load current: it was deemed to be accurate enough to perform 

this nonlinear adjustment in 8 steps (see Table 2.1). However, any new design should 

i be based on at least 16 steps. At each step, the limit on the maximum switching

j frequency is increased, thus avoiding operation in the non-feasible region (Figure 2.6).
I
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Figure 2.6: Measured feasible combinations of switching frequencies and rectifier loads.

The output of the piecewise amplifier and that of the limiter circuit are added together 

in a feed-forward manner and a voltage-controlled oscillator! VCO) is used to produce 

constant on-time, variable-frequency gating signals.

2 .4  Inp u t F ilter

An input filter is placed between the rectifier and PM generator. The rectifier

produces high-frequency pulsed currents which have a high amplitude. This is harmful

to the generator. Therefore, the high-frequency currents must be eliminated and the

low frequency component of the current should be supplied only by the generator. 
Table 2.1: The switching points of 8-step amplifier (A/D converter)

step # load current (A) max. switching frequency (kHz)
0 0 - 6.60 6.61
1 6.60 - 9.20 7.97
2 9.20 - 12.28 9.91
3 12.28 - 16.70 11.93
4 16.70 - 23.50 13.14
5 23.50 - 29.76 14.29
6 29.76 - 37.68 17.30
7 37.68 - 44.30 20.72
8 44.30 and higher 23.98
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The input filter is a L-C type filter as shown in Figure 2.7 with the corner frequency 

of around /o =  5kH z. The operation of the input filter, together with rectifier and

Rd Ld

permanent 
magnet •“ 
generator

each each

Figure 2.7: Input filter between ZCS rectifier and PM generator.

generator, indicated that a damping network might be beneficial in eliminating parasitic 

oscillations.

A single-phase representation of the low-pass input filter is illustrated in Figure 

2.8. The transfer function of the filter with the damping network can be written as

damping
network

Vfin

88 M- H

114

3Cf = 9 M- F
Vfout

Figure 2.8: Single-phase representation of input filter of Figure 2.7.

H(s)  =  ^  - Rd -F s{Lfi + Lf) (2.1)
Vfin Rd + + Lf) +  RdLdLfS2 -I- LdLfCfSz

Equation 2.1 is plotted in Figure 2.9 with and without a  damping network. At the
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corner frequency /o, the transfer function peaks to a  very high value, e.g.. 50dB, but

transfer function
40

without damping

\< — with damping

-40

-60

-80

frequency (Hz)

Figure 2.9: Transfer function of input filter.

addition of the damping network reduces the peak to about 10dB. The use of a such 

a damping network reduces the efficiency of the rectifier significantly, and in future 

designs an attempt should be made to avoid such filter losses.

2.5 C om m ission ing o f R ectifier

The ZCS rectifier was first tested in an open-loop connection, where no feedback 

signal was applied to the gating circuit, and as a result there was no control over the 

output voltage. The purpose of the open-loop test was to evaluate the voltage stresses 

experienced by the different components of the rectifier (e.g., tank capacitor, IGBT, 

input bridge diodes, etc.) for the specified input voltage range (e.g., 300V to 600V). 

The switching frequency and the load are fixed throughout this experiment while the
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input voltage is increased steadily to the maximum specified value. The m a x i m u m  

values of tank capacitor voltage, transistor voltage and output voltage for a load of 145 

Q and a switching frequency of 2.9kHz axe shown in Figure 2.10.

1200 [ --------------------------
- -t- tank  capacitor voltage

1000 H A  tran sis to r voltage

- o  o u tp u t voltage

8 0 0  h

>  6 0 0

4 0 0

200  -

+ A-
A

A

O o

OO

100 2 0 0  3 0 0  4 0 0  500
i n p u t  v o l t a g e .  L—L r m s  (V)

600

Figure 2.10: Output voltage, and voltage stresses for open-loop operation.

During startup of the rectifier, the switching frequency is limited to a maximum 

value of 6.5kH z. As the input voltage increases, the switching frequency stays the same 

until the output DC voltage of the rectifier reaches the reference value, and any further 

increase in input voltage will result in a decrease in the switching frequency to maintain 

a constant output voltage. Figure 2.11 shows the DC output voltage and peak voltages 

of the tank capacitor (Ct ) and those of the IGBT, up to a line-to-line input voltage of 

380V". The output voltage increases linearly with the input voltage until it is controlled, 

and then stays nearly constant; any change in the input voltage will be compensated by 

a change in switching frequency, making the output voltage constant and independent of 

changes in the input voltage. At this rectifier no-load condition, the piecewise amplifier 

has not yet reached the first step because of the low output DC current.

The load of the rectifier is a PWM inverter, which is emulated by a resistive load

!
!
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Figure 2.11: DC output voltage of rectifier and voltage stresses of IGBT and tank 
capacitor during startup.

during testing of the rectifier. As soon as load is connected to rectifier, the output 

current will increase and the output voltage will decrease. Depending on the value of 

the load current, the piecewise amplifier increases, in a step-wise manner, the maximum 

switching frequency according to Table 2.1; therefore moving to a different operating 

point. At this new operating point, the voltage-control loop adjusts the switching 

frequency to maintain a constant output voltage at the desired value (e.g. 350VDC). 

The load is then increased to full load while the input voltage is maintained at its desired 

value. Figure 2.12 shows that the output voltage is nearly constant, independent of 

load current: by employing a 16-step A/D converter, this DC voltage control could be 

further improved. Note that when changing the above-mentioned operating point, the 

A/D converter must operate with a certain amount of hysteresis, otherwise instabilities 

can occur. The peak tank capacitor and transistor voltages increase linearly with the 

input voltage (Figure 2.11), and for a constant input voltage they stay nearly at the 

same value -  independent of the load, as can be seen in Figure 2.12. Figure 2.13 shows 

how the switching frequency changes as the load current increases. An increase in load
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Figure 2.12: DC output voltage of rectifier and voltage stresses of IGBT and tank 
capacitor for an output power of up to 20kW.

current will cause the switching frequency to increase, while, on the other hand, an 

increase in input voltage will result in a decrease of the switching frequency: this can 

be clearly seen in Figure 2.13. The efficiency of the rectifier is also shown in Figure 

2.14. The nominal efficiency (at 20kW  output) is about 89%. This is rather low. and

o r ...................  . .      , . i _____
0 10 20 30 40 50  60

l o a d  c u r r e n t ,  (A)

Figure 2.13: Switching frequency as a function of output current.
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Figure 2.14: Efficiency of the ZCS rectifier versus output power.

one would require an efficiency of about 97%. Reasons for this low efficiency are the 

series-connected diodes, the damping of the input filter and the use of non-optimized 

inductors from a loss point of view.

The rectifier has been operated at full output power of 20 kW. The line-to-line 

output voltage and line current of the generator are illustrated in Figure 2.15. at 20kW  

power output. The line current slightly leads the generator voltage because of input 

capacitors connected across the line. This leading power factor is desirable in order 

to increase the generator voltage somewhat due to the supplied reactive (capacitive) 

power. A Fourier analysis is performed on the line current and line-to-line voltage of the 

generator, by use of the Fortran program listed in Appendix A. Harmonic amplitudes as 

a percentage of the fundamental are shown in Figure 2.16; the total harmonic distortion 

(THD) of voltage is T H D V = 16.81% at VrTns = 378.75V, VlrTns =  376.24V"; and 

T H D i  = 13.04% at Irms = 38.79A, / lrrns = 38.46.4.

Figure 2.17 presents the input current of the rectifier during 4.5 periods of the 

generator current and three switching cycles, at light-load conditions. The input current 

consists of pulses at switching frequency. As the frequency increases -  this means an 

increase of the output current -  the density of the current pulses is increased as shown in
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Figure 2.15: (a) Line-to-line output voltage, 200 V/div, 5 ms/div and (b) output current, 
20 A/div, 5 ms/div of generator at full load (20 kW), V™_L — 382.6V\4C, V^t — 
362.6VDC, I ^ t  =  60ADC.
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Figure 2.16: (a) Amplitudes of harmonics in the line-to-line voltage and (b) line current 
of generator.
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Figure 2.17: (a) Input current (or tank-inductance current) of rectifier, 50 A/div, 5 
ms/div, and (b) detailed view, 50 A/div, 50 fis/div, at light load, F /-L  =  397VAC, 
Vmt = 347VDC. I ^ t  = 5ADC.

Figure 2.18. Figures 2.19 and 2.20 show the voltage across the tank capacitor and that 

of the IGBT at full load, for a few periods of the generator voltage and at the switching 

frequency. DC output voltage and current at rated load are illustrated in Figure 2.21 

at the output of the rectifier.
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Figure 2.18: (a) Input current (or tank-inductance current) of rectifier at V™_L — 
384.7VA C , Vaut =  361 VDC, I ^ t  = 56ADC, 200 A/div, 1 ms/div, and (b) at V£Ll =  
391 VAC, Vout =  363VD C, Imt =  32.5ADC, 200 A/div, 50 ^s/div.
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Figure 2.19: (a) Tank capacitor voltage at V™_L — 380VAC, V>ut =  362VDC, lout — 
56.8ADC, 200 V/div, 5 ms/div and (b) at V™_L =  384VAC, Vout =  366VDC, lout =  
59ADC, 200 V/div, 20 ( i s / d i v .
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Figure 2.20: (a) Voltage stress across the IGBT at V£_L =  380VA C , =  362VDC, 
rout = 56.8ADC, 200 V/div, 5 ms/div and (b) at V[n_L =  384VAC, V ^t = 366VDC, 
lout = 59ADC, 200 V/div, 20 ps/div.
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Figure 2.21: (a) Output DC voltage of the rectifier at V^_L = 378.3VAC, V^t = 
354.4VDC, lout =  59.2ADC, 50 V/div. 5 ms/div and (b) output DC current of rectifier 
at V[n_L =  384VA C , =  366VDC. I ^ t  =  59ADC, 10 A/div, 5 ms/div.
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C H A P T E R  3 

30 kVA P U L SE -W ID T H -M O D U L A T E D  (P W M ) IN V E R T E R

3.1 In trod u ction

The DC output power of the rectifier is converted to three-phase 60 Hz AC power 

by a current-controlled PWM inverter (Figure 3.1). The output currents of the inverter, 

measured by using Hall sensors, are compared with a sinusoidal reference current, and 

the current error is then compared with a fixed-frequency (5.76kH z) triangular carrier 

wave. The resulting PWM signal controls the inverter switching. There are three 

current controllers, one for each phase, but the high-frequency triangular carrier signal 

is common to all three phases, and each inverter leg switches at carrier frequency. The 

output current follows the reference current and as a result it is controlled by changing 

the reference current, while the output voltage of the inverter will be fixed by the power 

system's line-to-line voltage.

3.2 C om m ission in g  o f  Inverter

The original gating circuit in [6] has been changed somewhat to reduce EMI 

problems, caused by mounting of components within a steel cabinet. The changes of 

the gating circuit are as follows:

• The capacitance connected to the Hall sensor output is reduced. The original 

2.2 fiF capacitor was causing low frequency oscillations of the output current of 

the inverter at certain (high) DC input voltages.
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Figure 3.1: Three-phase, current-controlled PWM inverter.
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• The gain of the error amplifier has been changed from 14.7 to 7.

• A capacitor is connected to the input of phase-lock loop (PLL) to reduce noise 

in the single-phase 60 Hz reference input: and the series connected capacitor at 

the output of the PLL. for removing the DC offset, has been increased from 0.4

to 4.4 /iF.

• The 10 nF capacitor connected between gate and emitter of the lower IGBTs 

has been reduced to 3.5 nF. although a larger capacitor is desirable for reducing 

noise: it increases the value of the gate capacitance, and as a result increases 

the turn-on and turn-off times of the transistors (IGBTs).

• The lock-out time between turn-on (or turn-off) of upper IGBT and lower IGBT 

has been increased from 6 usee to 10 /isec, because at 6 /xsec lock-out time the 

upper and lower IGBTs sometimes conducted simultaneously during turn-on 

and turn-off, causing a short circuit of the DC input voltage (a so called shoot- 

through).

0  The analog (error amplifier sections) and digital (PLL. lock-out and driver sec­

tions) ground terminals of the gating circuit have been separated from each 

other so that the noise at one of the grounds will not cause an EMI problem on 

the other one. These separate grounds are connected together at the grounding 

terminal of the power supply.

• Although there are decoupling capacitors connected to the main power supply 

inputs for the gating circuit, in order to achieve best noise immunity, decoupling 

capacitors of the ceramic (fast) type are also connected between power supplies 

of integrated circuits (IC) and ground (as closely as possible to the IC).

• For maximum noise immunity, the ground is applied to the Cext nodes (pins 6 

and 14 of 74LS123) of the monostable multivibrator used in the lock-out circuit
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as described in [29]. and unused pins 5 and 6 of the voltage comparator (LM311) 

are tied together as suggested by [30].

The modified gating circuit is shown in Appendix C. The layout of the gating 

circuit is also important to minimize the effects of unwanted noise signals. A copper 

sheet should be used as a ground plane because of its low resistance, and single point 

grounding should be used to avoid any ground loops, which may generate extra noise 

in the circuit. Noise in the circuit is mostly a result of a resonance between a parasitic 

capacitance and inductance: minimizing these two greatly reduces the effect of noise on 

the circuit. The value of parasitic inductance is proportional to the enclosed area of a 

current loop: therefore, this area should be minimized by twisting the signal wires, and 

the distance between the ground plane and the signal wire located above this ground 

plane should be minimized. Since the gating circuit is located within a very noisy 

environment, shielded cables should be used to carry the gating signals to the IGBTs 

thus decreasing parasitic capacitances; and the shield should be connected to ground 

on one end only, preferably at the source. Noise can sometimes be generated by the 

measurement of a signal (e.g.. gating signal) in the circuit: therefore, common-mode 

toroids should be employed at the terminals of the scope and the scope's power leads. 

Last, but not least, the input capacitance of an oscilloscope may contribute to noise 

generation.

The inverter was first tested with a light load of three-phase Y-connected 100 Q 

resistors, to achieve the specified line-to-line output voltage (e.g., 240 V) for the 370 V 

DC input voltage. A three-phase transformer, with a turns ratio of one, was connected 

between the output of the inverter and the resistor bank: the use of a transformer 

provides zero DC resistance at the output of the inverter and, therefore, any stability 

problems due to a faulty interned phase sequence associated with a DC offset in the 

output current of the inverter can easily be detected before making any connection to
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the power system. As a next step, the load was increased to 15 kW by adjusting the 

value of the three-phase resistor bank such that, at a 40 A output phase current, the 

line-to-line voltage at the secondary of transformer was about 240 Vr,_£. The output 

voltage of this type of inverter is not controlled, instead the inverter output currents 

are adjustable via reference currents.

Once the inverter was successfully operated at the desired input and output volt­

ages and at the desired power level for resistive load operation, it was connected to the 

240 Vl - l power system. Figure 3.2 shows the various wave forms of the inverter with 

and without an output filter in PWM operation mode; that is. the phase difference 

between the reference current (I ref ) and the actual output current (/out) of the inverter 

is small (e.g., I0ut lags Iref  by 35°). The PWM operation can also be clearly seen in 

the voltage wave form across one of the lower IGBTs. The line-to-line output voltage of 

the drive system, e.g., 260V. should be higher than the power system voltage of 240V 

so that there is a positive power flow to the system right after paralleling. If there is 

no harmonic output filter, the rms value of line-to-line output voltage satisfies easily 

the required voltage value of 260V. However, the voltage wave form contains a large 

amount of switching frequency (5.76kHz) harmonics. These high frequency voltages 

create audible noises and result in malfunctioning of the synchronization control circuit 

(explained in Chapter 4), which did not output the enable command for paralleling. 

Therefore, the operation without an output filter (tuned to 9kHz) is not desirable.

When the output filter is connected, the audible noise decreases to acceptably low 

levels. In this case, the voltage wave form is very close to a sinusoidal signal. However, 

for the same DC input voltage as for the operation without a filter (Vqc =  340V), 

the rms value of the line-to-line output voltage of the drive system is 185V, lower than 

the required voltage for paralleling. As a result, the inverter cannot successfully be 

paralleled to the power system in PWM operation mode for the given DC voltage of 

VDC = 340V.
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By operating the inverter near the PWM-Six step border, the rms value of the 

nearly sinusoidal output line-to-line voltage can be increased. This is achieved by in­

troducing an additional lagging phase shift, for all operating conditions between the 

reference current and the actual output current of inverter as is illustrated in Figure 

3.3. In this mode of operation, the peak value of the triangular carrier wave form is 

larger than the peak value of the error signal, i.e.. the modulation index is m > 1. Mod­

ulation index is the ratio of the peak value of the sinusoidal error signal to that of the 

triangular signal, m =  Virror/ ^triangular • The voltage wave form across the lower IGBT 

implies that the device is not always switching, confirming the operation in PWM-Six 

Step mode. A line-to-line output voltage of 260V A C  can be obtained with a DC input 

voltage Vqc =  340V when the output filter is present. The DC voltage can be even 

lower than 340V' if the output filter is removed: however, operation without an output 

filter is not advisable for the reasons explained previously. Similar wave forms are given 

in Figure 3.4 right after the inverter is paralleled to the power system (with output filter 

present). The operation near the border between PWM and six-step reduces the switch­

ing losses; however, it makes a harmonic compensation -  as has been envisioned for this 

wind power plant - impossible. The manner how this operating-point-independent over­

modulation is achieved is not discussed here, but it can be gathered from an invention 

disclosure.

After having successfully connected to the utility system, the output voltage of the 

inverter is fixed by the system at a nominal 240 Vl- l , with the same reference currents 

as before the paralleling. Now. the inverter is floating on the system as shown by the 

signal in Figure 3.5b. The DC input voltage is fixed at around 375 V (350 — 400V), 

and the output current of inverter is increased steadily by increasing the three-phase 

reference currents such that the output power is 20kW . Figure 3.6 shows the DC input 

voltage wave form at 20A:IV. If this wave form is compared with the DC voltage wave 

form plotted at the output of rectifier (Figure 2.21a), it is seen that the DC link voltage
!I
ii
!
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Figure 3.2: PWM inverter wave forms at Vbc — 340V DC, I d c  — 1-9-4. DC, V*™e 
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Figure 3.2: continued.
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Figure 3.2: continued.
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Figure 3.3: continued.
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OPERATION OF THE INVERTER IN PWM-SIX STEP 
MODE CONNECTED TO POWER SYSTEM
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Figure 3.4: PWM inverter wave forms at V d c  — 346VjDC, I d c  — 1-oADC, V [ ^ L = 
y-drure _  245VAC. Isy;l = 4.5AAC, Psys = OkW, (with output filter, connected to power 
system with the conditions of Figure 3.3).
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Figure 3.4: continued.
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voltage across one of the output inductors of inverter 50V/div, 5ms/div

Figure 3.4: continued.
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Figure 3.5: (a) Inverter output current (with filter); before connecting to power system, 
(b) right after connecting to power system, floating on system, 50 A/div, 5 ms/div.
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plotl 04/03 '1997 Vdc a : inverter igt ts 50 V/div

DET 5 mPEAK
Figure 3.6: Input DC voltage of the inverter. 50 V/div. 5 ms/div.

contains much less switching harmonics [6kHz) at no load and 24kHz at full load. 

This can be explained by the fact that the high frequency, low-loss. ceramic capacitors 

short circuit the switching harmonic voltages at the input of the inverter. Figure 3.7 

shows the adjustment of the phase of the reference current signal of one of the phases, 

by use of a phase shifting transformer. The signal in the center corresponds to unity 

displacement-factor operation; the one to the left of it is for lagging power* factor, and 

leading power factor is obtained with that on the right. Figure 3.8 shows the output 

line current of the inverter feeding 25kV A  to the utility system at a somewhat leading 

power factor. The Fourier analysis of the output current wave form yields a THD of 

5.5% [Irms =  64.38,4). with the amplitudes of higher order harmonics as a percentage 

of the fundamental illustrated in Figure 3.9.

A phase shifting transformer is used to change the power factor by changing the 

phases of the reference currents, so that leading, lagging and unity power could be 

adjusted for the currents fed into the utility system. Apparent power S, real power P  

and reactive power Q are illustrated in Figures 3.10 and 3.11 for different power factors.

f It is really  th e  d isplacem ent factor, not the power factor.
I

!
!tii
I
!
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Figure 3.7: Reference current signal of phase A at different phase angles. 1 V/div. 5 
ms/div.

plot 9  02/11 /1997  linv BOA/div

D E !

Figure 3.8: Inverter output current (with filter) at full load of 20 kW-25 kVA, 50 A/div, 
5 ms/div.
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Figure 3.9: Harmonic content of output current of inverter of Figure 3.8.

Note that the leading power factor operation accepts reactive power from the utility 

system: that is the utility system acts like a resistance and capacitance. Lagging power 

factor operation delivers reactive power to the utility system; that is. the utility system 

behaves like a resistance and an inductance. Figure 3.12 shows the real and apparent 

powers as a function of the rms values of the three reference current (Iref)  signals.

3.3 A n alysis  o f  P W M -Inverter O peration

Figure 3.13 illustrates the inverter, coupling transformer, harmonic filter, paral­

leling switch and the utility system. It is well known that the coupling transformer is 

not really needed for paralleling the inverter with the utility. However, such a trans­

former increases the reliability of the interconnection because a transformer represents 

a very low resistance for DC current: and any asymmetry of the gating signals of the in­

verter can be detected before paralleling, since asymmetries will generate DC currents, 

even harmonic current components, or for certain conditions instabilities of inverter 

operation.
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Figure 3.11: Feeding real and reactive power to the system at different power factors.
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Figure 3.12: Control of apparent and real powers with the amplitude of three reference 
currents.

PWM inverters are controlled such that the actual current wave shape follows 

a given reference. This is achieved in this thesis by the turning on and off of the 

semiconductor switches at the high frequency of f s =  o.76kHz. Therefore, the current of 

the inverter consists of a fundamental frequency component modulated with a harmonic 

current of switching frequency. The output current wave form of inverter is depicted in 

an ideal manner in Figure 3.14.

3.3.1 Analysis at Fundamental Frequency

Analysis at fundamental frequency can be performed, assuming balanced oper­

ation of this inverter-utility system, using the single-phase equivalent circuit of Fig­

ure 3.15, where Rtr and Ltr are the resistance and leakage inductance of the trans­

former, respectively, referred to the primary (inverter) side, and the ^primed” quanti­

ties are the values referred to the primary side of the transformer; e.g., R's  =  R s /n 2. 

E's-.v = Es-iv/n , I's = n ls  with the turns ratio n =  240/208 =  1.15. The voltage and
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Figure 3.13: Current-controlled PWM inverter-utility system with output transformer 
and filter.

currents are defined as

E s - x  — \ f2E s~s  s'm(u!t) . Vpcc-N  =  ' /2 V p cc-x  sm{ut + S)

E i - x  =  \ /2 E [ -s  sin(u;t +  c) . Is — v/2/s sin(u;t -h 0) .

and the parameter values at /  =  60H z  (from Chapter 7) are

The phasor diagram at the fundamental frequency is shown in Figure 3.16. for the

R[ =  28.3 mil . L[ = 1.2 m H

Rtr = 56.25 m fl . L tr = 131.06 pH

Rs  =  16.67 mil . Ls  =  88 pH

Rf  =  4.2 mil . Lf  = 12 pH  . Cf  = 3 1 p F  .

current delivered to the utility system (Is) leading the induced line-to-neutral voltage

I

Figure 3.14: Typical output current of current-controlled PWM inverter.
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output filter utility systeminverter and transformer

Figure 3.15: Single-phase representation of PWM inverter at fundamental frequency, 
connected to utility system.

of the utility system by 0 > 0 degrees. Note that Es-.v  has been taken as the reference.

■</

</

PCC-N

.- 11 to L jCOSO 

.- IjUj LjSINO 

. RjIjSINd)

. RjljCOS<l)

. IgtuL̂ COS 0 
IgWL̂ SING 
Rgl^IN G

■ RS ISCOS0

Figure 3.16: Phasor diagram of inverter-utility system including coupling transformer 
and harmonic filter, not drawn to scale.

From the phasor diagram of Figure 3.16 one gets

Vpcc-N  = \J(Es-iV + IsR-S cos 9 -  ISX S sin0)2 + (Is Rs  sin# + Is X s cosO)2 , (3.1)
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and

Vpcc—.v cos6 =  Es-.v + I sR s  cos6 — Is X s  sind . (3.2)

V p c c -x  sintf =  I sR s  sind + I s X s  cosd , (3.3)

where X s  = ^L s-  The apparent power delivered to the utility at PCC is

Spec  =  V pcc-S 'is  =  Psph. + jQsph - (3-4)

With

Vpcc- n =  Vpcc-N  e*S , Is  = Is  e*0 •

Equation 3.4 becomes

PSph =  Vpcc-.vIscos(5 — 0) . (3.5)

Qsph = Vpcc-ivlssin(6  — 6) . (3.6)

Use of trigonometric identities

cos(a — 6) =  cos a cos b +  sin a sin 6 .

sin(a — 6) = sin a cos b — cos a sin b .

gives

Psph = V p c c - :v/s(cos 5 cos 0 +  sin J sin 0) . (3.7)

Qsph — Vpcc-.v/s(sin<fcos0 — costfsin#) . (3.8)

Employing Equations 3.2 and 3.3. real and reactive powers at PCC can be written as

Psph =  E s - x I s  cos 9 + I$Rs , (3-9)

Qsph =  —E s - .v l s sin& +  I s X s  ■ (3.10)

W ith this consiuner definition [31] of real and reactive powers at the point of common 

coupling (PCC), the current leads if Is  = Is  where {6 — 5) > 0, and the utility
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behaves like a capacitor and resistor combination, resulting in QsPh < 0- For lagging 

currents. (6 — 6) < 0  and Qsph > 0- the utility system behaves like an inductor and 

resistor combination. The total power for the three-phase network is then computed 

from

Ps = 3Psph r Qs = ZQsph. ■

The output current of the inverter is (from Figure 3.15)

(3-11)

(3.12)

where Im is the magnetizing current of the transformer: its value can be obtained 

from the voltage across the magnetizing inductance, as illustrated by the nonlinear 

characteristic of Figure 3.17.

tm =  f { V p c C - S ) (3.13)

Figure 3.18 shows the current phasors of Figure 3.16 in more detailed form. Applying

1501

r a t e d  v o l ta g e o o  * o o O o OO o

^  ioo j-
uas93
"o
>
uCRa

■s 5 0

o 
o 
o 
o

- o
- o 
o

4  6 8
m a g n e t i z i n g  c u r r e n t  (A)

10 12

Figure 3.17: Magnetizing current of output transformer as a function of phase voltage.
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S-N

m

(a)

(0- 0 )

S-N

(b)

Figure 3.18: Detailed view of current phasors of Figure 3.16. 

the "cosine law” to Figure 3.18a.b results in

(.If + Im)2 =  ^  +  4 - 2 / ^ 0 0 8 ( 9 0  -/3)

(If + Im)2 = II  +  If  -  2 I s h  COS(0 -  0 )

(3.14)

(3.15)

where

I f  =
V p cc-x

+ (X Lf -  X Cf)2 

Solution of I[ in Equation 3.15 yields

cos/3 = R t lf 1/
Vpcc-x

i f  = Is COS(9 -  0) ±  v/ / | c o s ^ ( 0 - O ) - ( / | - / | - 4 ) (3.16)

Neglecting the losses (real) of the output transformer and those (real, reactive) of 

the output filter, the power delivered to the power system at PCC can also be written 

as

Spec  =  V pcc-xi'i  = V p c c -x  Ii 4>* • (3.17)

and

Psph = V p c c -x l i  cos(d' — 0)

= Vpcc -  A’/ / ( c°s <5 cos 0  -+- sin 6 sin 0)

(3.18)

(3.19)
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Simplification of Equation 3.19 using Equations 3.2 and 3.3 yields for the inverter current 

jib) _  _____________________________ Psph_____________________________
1 cos $  (Es-.v  + I sR s  cos d — I s X s  sin#) +  sin $  (IsRs  sin # +  I sX s  cos #)

(3.20)

Equations 3.16 and 3.20 must be identical, due to the assumption of a lossless trans­

former and output filter. For a given angle, #. and a current delivered to system. Is- 

the transcendental equation

F = l \a) -  / |6) =  0 (3-21)

can be solved for $  with the condition of # > <&. Note that / £a) of Equation 3.16 has 

two different solutions: therefore, each must be considered when solving Equation 3.21. 

The inverter voltage E j - s  can be written from the phasor diagram of Figure 3.16

E j_N = {Es - n + I sR s  cos 6 — IsX s  sin 6 -I- I[R[ cos $  — I[X[ sin <&)2 

+  {IsRs  sin# 4- I s X s  cos 6 + I[R[ sin $  +  I[X[ cos $ )2 .

where X[ =  uiLi and the angle e is given by

I sR s  sin# +  I s X s  cos6 + I[R[ s in$  + I[X[ cos <&

(3.22)

sine =
E [ - \

(3.23)

The (rms) component of the line-to-neutral inverter voltage is given by [32], [33], [34] 

as a function of the inverter DC voltage Vqc

crrms   VdC
£ f - v “  2 T 2

m . (3.24)

The rms values of higher-order harmonics can also be calculated with the procedure 

given in [35]. With modulation index m  =  1, the DC input voltage of the inverter is 

then usually computed as

Vdc ~ 2 \/2 E/_iV • (3.25)
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Table 3.1 lists various quantities (voltage, current, power, and phase angles) at 

varying phase angles for a given utility-system fundamental current of Is  =  70.4. Neg­

ative phase angles in Table 3.1 correspond to lagging power factors (positive Qs)- while 

the positive phase angles imply a leading power factor operation (negative Qs)- At lag­

ging power factor, the required DC input voltage of the inverter must be much higher 

than that at leading power factor. Since the DC voltage of the inverter is maintained 

constant by the rectifier at about V q c  — 3601^. operation at lagging power factors will 

not be possible.

3.3.2 Analysis at Switching Frequency

Switching harmonics must be taken into account in order to realistically estimate 

the minimum inverter input voltage required, so that the inverter currents can follow 

the given inverter reference currents. The single-phase equivalent circuit of the inverter 

at switching frequency (f s  =  b.7%kHz) is shown in Figure 3.19. Since the voltage of 

the power system has only a fundamental frequency of 60H z,  the switching-harmonic 

voltage of the power system is considered to be zero. The magnetizing impedance of 

transformer (uiLm) at f h =  5.76kH z  will be 96 times higher than that at 60Hz: for this 

reason it can be neglected in Figure 3.19. The component values at /  =  o.76kHz (from

A /

A /

effective short- 
circuitE[-N

inverter and transformer utility systemoutput filter

Figure 3.19: Single-phase representation of PWM inverter at switching frequency, con­
nected to utility system.
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Table 3.1: Required inverter DC voltage as a function of power factor for given system 
current of Is = 70.4 and rated line-to-line power system voltage of 24017
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Chapter 7) are

R[ = 11.70 Q . Li =  0.69 mH

R tr = 1.43 Q . Ltr = 100.95 p H

R$ =- 16.67 mCl . Ls =  88 p H

R f  =  46.7 mil . L f  = 10.94 p H  . C / =  31 p F  .

Figure 3.20 illustrates the phasor diagram of Figure 3.19. Knowing the inverter

I-N

(XLf ‘ X c H fRf

PCC-N

Figure 3.20: Phasor diagram of inverter-utility system of Figure 3.19. not drawn to
scale.

current, the system {Is) and the filter ( //)  currents can be calculated as

h  = i  i , i s  = Z s + Z f 11 , (3.26)

where Zs =  \JR 2S + and Zs = \JRs + -Y|. The voltage at PCC. the phase angles 9 

and (3 are

. .  „  , R sIs  a R f l fVpcc-N  =  Z s ls  , COS0 =  —--------  , cosp — —--------
y p C C - N  V P C C - N

(3.27)
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The inverter voltage is equal to

E [ - \  = \J{Vpcc-S  +  IfRfCOsG? — I[X[  sin <F)2 4- (I[R[ sin <3? -f- I[X[ cos <h)2 .

(3.28)

and

sin£ =
I;R[ sin<£ + l iX i  cos $  

Er-.x
(3.29)

The phase angle $  of inverter current I[ can be determined by applying the “sine law” 

to the OAB triangle of Figure 3.20

<f> =  /3 — arcsin ^  -sin(180o - 3 - 6 )  
li

(3.30)

Using the inverter current of I[ =  li.24Arms at /  =  5.76kHz. obtained from measure­

ments (see Figure 3.8). the inverter voltage is = 100.8W m s.

When the modulation index is larger than 1. i.e.. m > 1. the fundamental line- 

to-neutral voltage of the inverter can be written as

c r r m s    \ r
—  ------------ •  VDC7T (3.31)

and

7T

v ° c  =  E ' - v
(3.32)

The DC voltage of the inverter must also supply the harmonic voltage drop across the 

output inductor. Then the DC voltage of the inverter becomes approximately neglecting 

any phase shifts

V b T 1 = y DC +  Ef_l%kt,z (rms) .>5.76 k H z (3.33)

Figure 3.21 illustrates the feasible operating region of the inverter in the Ps — 

Qs plane (see Appendix D for the Fortran program). The "O” markers indicate 

the measured values and the ideal (with sufficiently high Vpc values) operating curve
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is given with “+ “ markers. The "A"’ markers are plotted for the cases where the 

DC input voltage of the inverter, computed from Equation 3.25. is less than 360V 

{Vd c  < 360V) while the ones with symbols represent cases computed from Equation 

3.33 (fundamental and harmonic) with the above limitation of the DC input voltage. 

Although the inverter can supply leading current (with respect to voltage) to the power 

system for a given maximum DC voltage of 360V". larger DC voltages are required 

to deliver lagging currents, resulting in lagging power factors. The harmonic voltages 

increase the required DC voltage resulting in a decrease in the reactive power output of 

the inverter (supplied to the utility system), as is evident from Figure 3.21.

<>
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î AA A A*
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o  f u n d a m e n t a l  a n d  

h a r m o n i c s
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r e a l  p o w e r , P (kW )

4 0

Figure 3.21: Operation in Ps — Qs plane of inverter as a function of Is, Es - n and 
power factor cos(0 -  $) a t a given maximum inverter voltage of Vdc =  360V.

3 .4  D iscu ssion  o f  R esu lts  and  C onclusions

The reactive-power controllability of a current-controlled PWM inverter depends 

to a great measure on the DC input voltage of the inverter. Leading power factors (e.g..
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cos0 =  0.5 leading) can be sustained with a low DC input voltage (e.g.. Vbcmm =  360V); 

while lagging power factors (cosQ =  0.5 lagging) demand higher input voltages (e.g..

= 473V). Such a dependency penalizes inverters operating at lagging power 

factors, and therefore it might be best to operate such inverters at about unity power 

factor, and control the reactive power flow with well-known flexible AC transmission 

systems (FACTS) [36]. [37] [38] devices, such as thyristor controlled reactors and ca­

pacitors. The analytically obtained results are confirmed by Pspice simulation [39], and 

measurements obtained at a 30kVA unit corroborate the theoretical analysis. The ef­

ficiency of the current-controlled PWM inverter (including two output transformers) is 

in the neighborhood of 93% at nominal operation. It has been found that the efficiency 

is largest at unity-power factor. If the two transformers (see Chapter 4) are excluded, 

then the inverter efficiency is close to 95%.
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C H A P T E R  4

JO IN T  O P E R A T IO N  OF T H E  G E N E R A T O R , R E C T IF IE R , 

IN V E R T E R  A N D  T H E  U T IL IT Y  S Y S T E M

4.1 In tro d u ctio n

Figure 4.1 illustrates the variable-speed wind power plant consisting of a low-speed 

permanent-magnet generator, a resonant rectifier and a pulse-width-modulated (PWM) 

inverter. The permanent-magnet generator operating at low speeds, e.g. 60 — 120rpm. 

produces a three-phase variable AC voltage. 300 volts to 450 volts line-to-line [7], at a 

frequency of 6 —12H z  at below rated output power or at rated power of 20kW .  Because 

of the low speed operation, the gear box between the wind turbine and the PM generator 

can be eliminated, resulting in less weight requirements of the tower. Three-phase 

AC voltage is then fed to the zero-current-switch (ZCS) resonant rectifier operating 

at a slightly leading input power factor, to produce a nearly constant DC voltage - 

independent of input voltage variations and load changes. A nominally constant AC 

voltage synchronized with the utility system 60 Hz, 240 Vl~l  AC voltage is obtained 

by using a three-phase, current-controlled PWM inverter, inverter is connected to the 

240 V l - l  utility a three phase transformer. The amplitude and the phase of the AC 

current delivered to the system are adjustable through the proper adjustment of the 

three-phase reference currents.
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Figure 4.1: Variable-speed wind power plant.
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4.2 P erm anent M agnet G en erator

The generator used in this drive system is a  20kW  12-pole longitudinal type PM 

generator with a speed range of 60 to 120 rpm. The permanent magnets (NdFeB) are 

mounted directly on the rotor. The no-load voltage of the generator is between 300V' 

to 600V’ line-to-line. Figure 4.2 shows the field distribution at no load for 2 pole pitches 

[6]. This machine has been extensively tested in [7] and the efficiencies are between

path C
stator

rotor

Figure 4.2: Two pole pitches of longitudinal PM machine showing the magnetic flux at 
no load (B rnax =  IT).

80-95% depending on the load, and the speed of the generator is from 60 to 120 rpm. 

Figure 4.3 shows the feasible operating region of the PM generator corresponding to 

speeds from 60 — 120 rpm. The measured data points are obtained from [7] and the 

remaining values are approximated by interpolation. The generator produces about 2.3 

kW at a cut-in speed of n =  70 rpm. Note that the cut-in speed is larger than the 

minimum permissible operating speed of 62 rpm.

To present an alternative design, a transversal permanent-magnet machine is 

designed [39]. Unlike conventional (longitudinal) machines which have fields that are
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Figure 4.3: Output voltage-current characteristic of permanent-magnet generator at 
different speeds.

more or less uniform with respect to their axial lengths, with the flux in the same plane as 

the direction of rotation, in this new type of machine the flux lies in planes perpendicular 

to the direction of rotation [13]. The advantage of this machine is its ability to produce 

high torque at low speeds, and the weight-to-power ratio of this design is much lower 

(about by a factor of 10) than existing longitudinal designs for a rated speed of 120rpm. 

The field distributions at full load and for short-circuit condition, for one pole pitch, 

are illustrated in Figures 4.4a, b [40].

4.3 P aralleling o f  Inverter o f  th e  D rive  Train w ith  Pow er S ystem

Before paralleling of the drive train with the power system, the following condi­

tions should be satisfied:

1. The output line-to-line voltage of drive train should be slightly higher (e.g., 

265V rms) than that of power grid (e.g., 240V rms), so that there is a positive 

power flow to the grid right after paralleling,

2. The difference voltage between the voltage of the drive train and that of the 

power system, that is the phase shift between and V £ ^ em, should be
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Figure 4.4: Field distribution within one pole pitch of transversal permanent-magnet 
machine at (a) full load (86A, 40 turns, Bmax =  IT), and (b) short-circuit condition 
(325A). All dimensions are in mm.
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sufficiently small (see Figure 4.5).

Q)t 
^ -----

inverter invertersystem

^ la g g in glea d in g

Figure 4.5: Phasor diagram showing the phase angle between inverter and power system 
voltages.

The above conditions can be achieved by adjusting the amplitudes and phase angles of 

the reference current signals, respectively. A synchronization control circuit, as shown 

in Figure 4.6. triggers the paralleling switch SW in Figure 4.1 when the above conditions 

are met. It also automatically disconnects the inverter from the grid if at least one phase 

of the power system voltage collapses, or if the DC link voltage drops below a certain 

value («  330K DC).

The schematic diagram of this control circuit is given in Figure 4.6. where the 

individual subcircuits are given in Appendix C. Inputs to the synchronization control 

circuit are the rectifier DC voltage Vdc» 3-phase power grid voltages (A. B, C), and 

3-phase drive train voltages (a, b. c, at the output of transformer). The function of each 

relay can be outlined as follows:

• Relay R l:  Main connect/disconnect switch relay, (normally open, NO). Relay 

Rl can be energized after ail the conditions are satisfied.

• Relay R2: Checks the voltage difference (i.e., phase angle) between power

■ system and drive train (normally closed, NC). It is energized when the phase
i

!
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Figure 4.6: Synchronization control circuit.
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Figure 4.7: Feasible synchronization window for paralleling, 

difference is greater than 34°.

• R elay  R3: AC output voltage amplitude control of drive train (NO). It is 

energized when Vjr,~cdrive > 260V rms.

• Relays R4, R5, R6: Checks the power system voltage (NO). It is energized 

when line-to-line voltage is 240V rms.

• R elay  R7: DC link voltage amplitude control (NO). It is energized when Vdc > 

330VDC, and deenergized at Vdc < 315VDC.

• R elay  R8: Reset relay. Denergizes relays R2 and R3 when activated.

When all the conditions for paralleling are satisfied, the light bulb in Figure 4.6 is on, 

indicating that the drive train can be paralleled to the power system.

A possible synchronization window is shown in Figure 4.7 as a function of the 

line-to-line voltage of the inverter before paralleling, and the difference voltage (due to 

phase angle difference), where the voltage amplitude and phase values as shown permit 

a successful paralleling to the grid. When the difference voltage is not small, i.e., the 

phase angle between the two systems is quite large, then there is a high transient current
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Figure 4.8: Measured transient current at the instant of paralleling to the power system. 
<(> = 24° (inverter voltage is leading). O.ls/div, 50 A/div.

at the moment of paralleling as is depicted in Figure 4.8. The peak value of this transient 

current increases with the phase angle between the two systems as can be gathered from 

Figure 4.9. The voltage and current wave forms at PCC are depicted in Figure 4.10 

when there is no power flow between the two systems (floating). Figure 4.11 shows the 

current delivered to the grid at 20 kW at a T H D X of 4.65% and the line-to-line voltage 

at this condition. The harmonic content of the full-load current is illustrated in Figure 

4.12. The efficiency of the entire drive system is about 83%. where the individual 

component efficiencies are shown in Figure 4.13.

The equivalent circuit parameters of three-phase transformers are determined 

from open- and short-circuit tests as illustrated in Figure 4.14. Note that both tests 

are applied to two transformers connected in series. Table 4.1 shows the results of these 

tests.

The equivalent per-phase resistance is computed from a short-circuit test as 

Req =  0.0799S1 (referred to the voltage V\ =  240V side). The copper losses of the 

two transformers, when delivering rated real power of 20kW  to the utility system at a
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Figure 4.9: Measured maximum synchronizing currents (transient amplitude) as a func­
tion of the phase angle, (p  — ^Pdrive sy s te m '
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Figure 4.10: Line current at the PCC, floating on the system at Vpc  =  327.3V DC, 
I  DC = 2.5A DC, V[yJL = 247V AC, Iays = 2.0 A AC, Psys = 0 kW .  50 A/div, 5 ms/div.

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



71

jn U  plotj8 02/13/19^7 Isys 50A/C

P E ^ K

(a)
plot 8.j 02/13/199t VI'I system

(b)

Figure 4.11: Current delivered to the system, 50 A/div, 5 ms/div (a) and line-to-line 
voltage, 200 V/div, 5 ms/div (b) at the PCC at Vdc =  349.8V DC, I qc =  62.5/1 DC, 
V[yJ L =  250V AC, Isys =  58/1 AC, Psys =  20k W .
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Figure 4.12: Harmonic amplitudes of current fed into the power system as presented in 
Figure 4.11a.
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Figure 4.13: Efficiency of entire drive system connected to the utility system.
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Figure 4.14: Measurement of losses from (a) short-circuit and (b) open-circuit tests of 
the transformers.

current of 11 =  52.95.4 are P a  =  6721V. The iron core losses of the two transformers 

will be equal to the losses obtained from the open-circuit test, since the applied voltage 

to the transformers is the same (Vi = 240V). The toted losses of the two transformers 

at rated power is then

Plots = Pcu + Pfe = 672 + 440 =  1.11AH' .

The resistance of the output inductor of the inverter at /  =  60H z  is /?ACi = 

28.3mQ and at /  =  5.76khz  is R.\ch = 11-712. Using the fundamental current {I[l = 

52.95.4) and harmonic current (Ijh = 3.24.4) of the inverter, the total loss of this 

inductor at rated real power of 20A1V is

=  1I r ac, + ‘ I R ach =  2 0 2 ^  .

Since there are three inductors, the total losses of the inductors are

fiS S L  = s - f X L ,  =

Switching losses of the inverter can be estimated to be around Pswitching =  3001V. Using 

the rated real power output (20kW)  and the switching and inductor losses, the efficiency 

of the inverter (without the two transformers) is about rj =  95%.
Table 4.1: Open-circuit and short-circuit results of the two transformers connected in 
series

v  (V) V2 (V) V3 (V) h  (A) h  (A) /3 (A) Plots (W)
short-circuit test 4.9 6.7 - 30.71 15.17 37.37 226
open-circuit test 240.83 482.90 196.5 4.33 - - 440

II»
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In the efficiency curve of Figure 4.13. the inverter and including the two trans­

formers have the efficiency

P A C a u t  19.93 kW =  96.98% .
P D C in  20.55k W

The total losses of the inverter and two transformers are then 620W. This number does 

not make sense because the losses of two transformers are about l . l k W . The reason 

for the discrepancy can be attributed to the subtraction of two large numbers which 

are close to each other. Even if high accuracy power meters are used (0.5% in this 

experiment), the losses measured by use of PACout ~ Pocin will have a large error as 

discussed in [40]. The most likely losses of the rectifier, inverter and transformers are 

itemized in Table 4.2 at 20kW  output power (last point of Figure 4.13).

Table 4.2: Losses of different components of drive system.

device component power loss (VV)
Rectifier

damping resistor (Rd. total 3) 300
damping inductor (Ld. total 3) 135
filter inductor (L/m. total 3) 100
input diodes (total 18) 1200
IGBT losses 160
output inductor (L/out) 100
other (snubbers. freewheeling
diode, filter capacitors) 87

Inverter
output inductors (total 3) 606
IGBT losses (total 6) 300

Transformers
iron-core losses 440
copper losses 672

Total losses 4100

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



1I
I

C H A P T E R  5

T R A N S V E R S A L -F L U X  G E N E R A T O R  FO R  H IG H  T O R Q U E S

A T LO W  S P E E D S

5.1 Introduction

In propulsion applications (e.g.. electric cars, submarines, locomotives) and wind 

power generating plants, direct-drive trains without mechanical gears are desirable, be­

cause mechanical gears are subject to weax and tear, are expensive, and add to the 

weight of the drive train. Recently, a 2QkW permanent-magnet generator of conven­

tional longitudinal design has been built and tested [7]. While this machine can indeed 

deliver the required torque at very low speed (e.g., 30 to 60rpm), the total weight of this 

machine (active parts, frame, bearings) turned out to be o87kg. Such a large specific 

weight (29Akg/kW )  is not acceptable for propulsion and wind power plant applica­

tions of wind farm size (MW range), since this excessive weight reduces the mileage in 

propulsion, and increases the cost of the tower in wind power applications.

To present an alternative design, a transversal flux machine [14, 15] has been in­

vestigated, and preliminary calculations confirm that this new transverse flux generator 

design has much less weight (by a factor of 10); that is, a 300fcW permanent-magnet gen­

erator would weigh 60016s. However, such a machine is much more complicated in the 

mechanical design than a conventional longitudinal machine. The basic feature of such 

a machine is that the flux spirals around the circumference of the armature coils, mean-
i

■ ing that three-dimensional analysis techniques must be employed for the magnetic-field

i

iI
|
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analysis of such a machine. Significant work with respect to machines with transverse 

flux has been recently published [13, 41. 42]. Such transverse flux machines are able to 

produce a high torque at very low speeds, and the overall weight is of one magnitude 

lower than that of conventional longitudinal machines. The only disadvantage of such 

machines is their complicated structure from a mechanical point of view and apparantly 

low power factor.

5.2  C on cep tu a l D esign  o f  P erm an en t-M agn et M achines w ith

T ransverse F lu x

Recently, work has been published on the design and operation of permanent- 

magnet machines with transverse flux [13. 41. 42. 43. 44. 45] and it is stated that such 

a novel machine also has been used as a part of a small wind power plant. The above- 

mentioned work discusses the design of one and two-phase machines with transverse 

flux. In order to extract higher powers and to improve the rectification process through 

the reduction of voltage ripple, transverse flux machines with more than 2 phases are 

desirable. Figures 5.1. 5.2. 5.3 illustrate the conceptual features of such a transverse flux 

machine, where Figure 5.1 presents a cross-sectional view within 4 planes. Figure 5.2 

illustrates the top view and Figure 5.3 gives the side view of such a permanent-magnet 

generator.

Longitudinal machines have fields that are axially more or less uniform, making 

a two-dimensional field analysis sufficient. In contrast, the transverse flux machines 

have fields in three dimensions, with the magnetic field spiraling around the n (e.g., 

n=4) armature coils, making a three-dimensional field analysis necessary. There is no 

doubt that the armature coil cross sections can be made as large as required for a given 

current density (e.g., 3A/m m 2 for air cooling) and the maximum flux densities within 

the air gap of the machine can be in the range of B transversemax =  1.4T, as compared to 

that of a longitudinal machine with Biongitudinalmax =  0.9T. The only drawback of such
I

!!
j
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Figure 5.3: Side view of a transversal-flux generator.
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comp<

permanent magnet

iron-core
elements

nonmagnetic ring

Figure 5.4: Structure of one phase of the rotor.

transverse flux machines is their complicated mechanical structure resulting in relatively 

high assembling and manufacturing costs. The material costs are lower as compared to 

the longitudinal design.

The rotor of Figure 5.1 consists of 8 composite rings of permanent magnets and 

iron-core elements arranged in a square. Permanent magnets are separated by iron 

elements in the direction of motion, and between the composite rings there is a non­

magnetic ring. One side (or phase) of the square rotor is shown in Figure 5.4. where the 

permanent magnets are magnetized in a tangential direction. Each phase is arranged as 

part of the rotor in such a way that no magnetic short circuits occur between neighbor­

ing magnets (Figure 5.5 a). The magnetization of magnets at each corner of the square 

rotor is in the same direction, precluding magnetic short circuits between magnets. At 

each corner of the square, a triangular-shaped, iron-core piece between neighboring iron 

parts is placed, to provide a continuing flux path from one phase to the neighboring one 

(Figure 5.5 b). The interior of the square rotor consists of nonmagnetic material so that 

magnets are not short-circuited. One corner of the square is mechanically connected 

to the shaft via a wheel as shown in Figure 5.1. This wheel should be of nonmagnetic 

material except those parts at the corner of the square, where it provides a connection 

between two iron pieces of adjacent rotor phases. The active part of the stator con-
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Figure 5.5: (a) Cross section of rotor of Figure 5.1 and (b) triangular iron piece at a 
corner.

sists of poleshoes placed above each phase of the square rotor separated by 90 electrical 

degrees from each other in space (Figure 5.1). Phase windings are placed inside the 

poleshoes. arranged in a circular manner. A side view of the machine showing how the 

flux lines travel is illustrated in Figure 5.3. The flux, directed by permanent magnets, 

crosses the first air gap (1) and flows across a stator poleshoe of phase a. The flux 

then emanates from the other side of that poleshoe and crosses the second air gap (2). 

There the flux divides into three paths, one part of the flux going directly to adjacent 

phase b via the triangularly-shaped iron-core element, the other two flux components 

passing through tangentialiy magnetized magnets, and then to the adjacent phase b via 

triangular iron-core elements. The flux follows similar paths for the other phases of the 

rotor. Flux travels in a spiral manner between rotor and stator.

element
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C H A P T E R  6

E X P E R IM E N T A L  V A L ID A T IO N  OF D IS T O R T IO N  

P O W E R  D A N D  R E V IE W  OF E X IS T IN G  D E F IN IT IO N S

6.1 Introduction

Power electronic equipment such as rectifiers, inverters.and adjustable-speed AC 

drives, can create nonsinusoidal current and voltage wave forms at the point of common 

coupling (PCC) with the utility system. These current and voltage harmonics contribute 

to reactive power. Q, producing an additional component called distortion power D such 

that the apparent power equation is satisfied [46].

S  = s/P* +  Q2 + D2 (6.1)

Various definitions of distortion power are discussed in this chapter and accurate mea­

surement results for the distortion power for different nonlinear loads axe presented. 

From reference [46] it is known that the distortion power D can be expressed by current 

and voltage harmonics of unlike harmonic orders: that is. for example, Vm interacts with 

where m £  n. A recent survey of engineers by North American Electric Utilities 

[47] states that only 20% found the definition of D in IEEE Standard 100-1992 useful, 

62% state that the distortion power D is meaningless, and 18% have no opinion.

Existing formulations [46], [48], [49], [50], [51], [52] for the distortion power D as 

a function of the harmonic currents/voltages have been used for various nonlinear loads,

i  and it has been found that different formulations generated different numerical results.
!I
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I
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To validate computed results, an accurate computer-aided measurement circuit is used 

employing low-inductance shunts and voltage dividers instead of current and voltage 

transformers, which usually have, at high frequencies. larger amplitude and phase angle 

errors than shunts and voltage dividers. Such an accurate measurement method is 

essential because errors in the amplitudes add to the errors in the phase angles between 

voltage and current [53] components.

6 .2  M easu rem en t A pproach

Experiments are performed to measure distortion power for a 25kVA. 7200/240V 

single-phase pole transformers with nonlinear loads (diode, thyristor, and combined 

diode-thyristor). The measurement circuit is shown in Figure 6.1. where two back- 

to-back connected transformers (see Appendix of [40]) supply power to rectifier loads.

transformer(s) under test 
(back-to-back connection) •' ' - ' nonlinear load 

(diode or thyristor 
bridge) \

a )  i t( t ) - i j t )\ ( t )

VD VD.
SH

• ■ (aV̂ vw.* • ■

operational amplifiers 
n Y k ( t b  vt ( t ) - v j t )  • \ ( t ) - Q t )

A/D converter and PC

Figure 6.1: Experimental setup of the circuit.

Input current, and input voltage, vi(t), are sampled by a 12 bit A/D converter, and 

Fourier coefficients (including DC components) up to the 49th harmonic are obtained
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using a Fortran program based on Gaussian integration. Figures 6.2. 6.3, 6.4. and 6.5 

show sampled wave forms of ii(t) and vi(t) for resistive, diode-bridge, thyristor-bridge, 

and diode-thyristor bridge loads, respectively.

linear (caae=03—11/03/1997)

4 0 0

200

0

200

- 4 0 0
40 03 0 02001000

cjt, (d e g r e e s )

Figure 6.2: Voltage and current wave forms for resistive load.

Periodic nonsinusoidal voltages and currents can be written as

X

v i { t )  =  Vb +  ^ £ >  sin(hu>t +  a h) (6 .2 )
h=l
OC

*i(£) = /o +  ^ Z ^ s i n ^  + A ) (6.3)
/ i = i

where Vq and Iq are DC components, h  is the harmonic number, V), and //, are the rms 

values of voltage and current harmonics, respectively, and a/, and (3h are harmonic phase 

angles of the harmonic voltages and currents, respectively. The total apparent power

(S), real power (P ). reactive power (Q). and distortion power (D ) can be calculated

1
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cjt, (d e g r e e s )
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Figure 6.3: Voltage and current wave forms for diode-bridge rectifier with (a) Cad = 
400 /J.F (b) Cod =  1200 nF  capacitor across resistive load.

from the following

S  — Vrms I r 

P  =  VqIq +  ^  VhIh cos 9h

f rm s  * rm s 
00

/ l= l

Q  =  ^ 2  1 4 4  s i n  0 / ,

h= 1

(6.4)

(6.5)

(6 .6 ) 

(6.7)

where VrTns =

D = yJS2 - P 2 - Q 2  

\jT,h=oVh ’ trms = \ j n f = 0  9h=<*h-0h-  As an example. Table
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thyristor (case=12-Ll/03/1997)
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(a)
thyristor (case=07-U /05/1997)

4 0 0
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. * i- 4 0 0

3 00 4 0 0100 2000
cjt, (d e g r e e s )

(b)

Figure 6.4: Voltage and current wave forms for half-controlled thyristor rectifier with 
(a) no capacitor (b) C0t — 800 y.F capacitor across resistive load.

6.1 lists the rms and THD values for the measured load conditions corresponding to 

Figures 6.2 to 6.5. The amplitudes of harmonic voltages and currents, along with the 

harmonic angles, are tabulated in Tables 6.2, 6.3, and 6.4 for diode-, thyristor-, and 

diode-thyristor bridge rectifier loads, respectively. The different power quantities for 

the wave shapes of Figures 6.2, 6.3, 6.4, 6.5 are computed using Equations 6.4 to 6.7, 

and the results are shown in Table 6.5.
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thyristro+diode (case=09—11/06/1997)
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cjt, (d e g r e e s )
(a)

thyriator+diode (case= l4-H /l2 /1997)
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(b)

Figure 6.5: Voltage and current wave forms for half-controlled thyristor- and diode- 
bridge rectifiers with (a) C0£f =  900 pF  capacitor across resistive load of diode-bridge 
rectifier, no capacitor across resistive load of thyristor-bridge rectifier (b) C0(i — 900 [iF 
capacitor across resistive load of diode-bridge rectifier, and Cot =  800 fjF  capacitor 
across resistive load of thyristor-bridge rectifier.

6.3 Form ulations of D isto rtio n  Pow er

6.3.1 Formulation of D according to Budeanu [46], [48], Shepherd and 

Zand [49], and Emanuel [54], [55]

The distortion power, D, in terms of individual harmonic components for the 

voltages and currents described by Equations 6.2 and 6.3 is defined but not derived in
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Table 6.1: RMS and THD values for voltage and current wave forms of Figures 6.2, 6.3, 
6.4, and 6.5.

wave form
Vrms
(V)

I  rms
(A)

T H D f
(%)

T H D f  
(%)__ l

Fig. 6.2 231.03 111.96 2.49 2.69
Fig. 6.3a 230.53 110.52 3.49 15.69
Fig. 6.3b 235.81 106.5 4.46 70.54
Fig. 6.4a 230.55 108.34 4.10 25.41
Fig. 6.4b 236.07 99.48 7.34 92.20
Fig. 6.5a 232.73 105.88 4.93 39.19
Fig. 6.5b 235.26 97.88 6.81 70.03

the references above as (excluding the DC component),

D2 = Y .  ^  + V ^ l l - 2 V mVnImIn cos(em - d n )  (6.8)
m,n=lm̂ tn

where 9m = a m -  /3m and 9n =  an -  0n. Computed values of distortion power for 

the above loads are given in Table 6.6. where Equation 6.8 is applied to 49 harmonics. 

Note that the distortion powers of Table 6.5 are not same as those of Table 6.6. The 

difference can be explained as follows: explicit terms of the summation of Equation 6.8 

for the first two harmonics only (neglecting DC) are

D~ =  Vfl'i + ViI't - 2 K  V2IiI2 cos(0t -  02)

+ Vi I t  +  V {ll  -  2VoViI2h  cos (0o -  01) (6.9)

This is the common mathematical interpretation of Equation 6.8 [56]. Examining Equa­

tion 6.9 closely, one notes that the (m =  1. n =  2) set of terms is the same as the

(m = 2. n = 1) set, because cos(—0) = cos(0). Therefore, the computed D~ from Equa­

tion 6.8 will be twice as large as than the actual value, which explains the difference 

of a \/2 factor between rows 3, 4, . . .  of Table 6.5 and columns 3. 4, . . .  of Table 6.6, 

respectively.

I
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Table 6.2: Measured harmonic voltage and current amplitudes and phase angles for
diode-bridge rectifier, using wave forms of Figures 6.3a and 6.3b.

harmonic
vh

(V RMS)
£*/»

(deg.)
h

(A RMS)
3h

(deg.)
Figure 6.3a

0 0.2 - 1.47 -
1 230.39 -44.48 109.18 -38.29
2 1.60 -33.89 1.15 -38.86
3 3.80 8.89 12.24 132.90
4 0.46 10.65 0.38 179.18
5 5.16 -76.68 10.50 -4.98
6 0.57 -44.68 0.92 -15.74
7 3.83 59.13 4.89 150.18
8 0.49 18.22 0.05 -58.90
9 1.04 -48.09 2.16 46.87
10 0.33 -7.76 0.34 38.07
11 1.03 46.67 0.98 -87.72
12 0.23 22.22 0.20 -53.79
13 1.28 -9.53 0.77 88.77

T H D 49 (%) 3.49 - 15.69 -
Figure 6.3b

0 -2.6* - 0.44* -
1 235.57 21.30 87.02 48.05
2 2.38 15.80 1.96 95.96
3 9.47 -159.75 55.98 -35.66
4 0.81 -27.51 1.83 2.88
5 3.04 169.59 23.85 -107.54
6 0.47 -16.95 0.97 -57.29
7 1.06 138.45 7.43 -173.00
8 0.29 4.78 0.34 -101.81
9 0.46 6.51 0.02 -133.93
10 0.21 -16.83 0.10 18.02
11 1.24 38.06 0.84 -149.25
12 0.36 -3.03 0.08 83.08
13 0.70 111.71 0.65 -90.03

T H D 49 (%) 4.46 - 70.54 -
* Due to the nonlinear flux linkage-current (A-i) characteristic 
of a  tr ansformer a negative DC voltage may result 
in a  positive DC current, and vice versa.

6.3.2 Formulation of D according to Filipski [50]

Filipski gives the following formula for the distortion power D

Y ,  £  -  U m U n lm ln  C O s(0m -  <£„)] (6.10)
m n

where Un, and 0„ are the rms values and the phase angles of the nth harmonic of 

voltage and current. Expanding the double summation of Equation 6.10 for the first
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Table 6.3: Measured harmonic voltage and current amplitudes and phase angles for
thyristor-bridge rectifier, using wave forms of Figures 6.4a and 6.4b.

harmonic
IX

(V RMS)
Olh

(deg.)
h

(A RMS)
3h

(deg.)
Figure 6.4a

0 -3.02 - -0.03 -
1 230.35 152.32 105.00 129.84
2 1.96 156.62 0.78 164.40
3 2.96 113.11 21.63 -138.86
4 0.99 155.38 1.09 -108.19
5 3.74 -132.53 12.84 82.44
6 0.48 -164.78 1.02 113.55
7 1.88 136.33 5.63 -68.78
8 0.60 170.03 0.51 -77.43
9 0.65 -20.24 2.09 95.11
10 0.08 105.21 0.53 100.34
11 1.51 157.24 3.24 -84.72
12 0.66 -178.66 0.63 -67.87
13 2.10 17.51 2.95 142.08

THD™ (%) 4.10 - 25.41 -
Figure 6.4b

0 -4.09 - 0.75 -
1 235.43 51.88 73.12 26.68
2 2.00 18.72 3.77 44.31
3 8.86 118.26 56.68 -104.06
4 0.91 132.58 5.45 -98.25
5 11.65 15.23 32.75 130.24
6 1.87 -3.14 4.39 117.54
7 1.63 -81.11 10.46 15.68
8 0.30 -173.95 1.86 -41.84
9 1.96 -125.08 4.69 -7.34
10 0.57 -19.95 0.75 94.38
11 1.96 114.25 5.01 -106.12 I
12 0.31 82.72 0.79 -105.94
13 1.37 55.85 1.52 167.47

THD™ (%) 7.34 - 92.20 -

two voltage and current harmonics yields

D 2 = Uf l f  -  U i U i h h c a s W i  -<(>i)

+  U2I$ — UiU2hhcos(<t>i -  <fo)

- r  U2I 2 — U2 U1I2 I 1 C O S ( 0 2  —  <t>l)

+ C/|/| - U2U2 hhcos(<fo -  <k)- (6.11)
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Table 6.4: Measured harmonic voltage and current amplitudes and phase angles for
diode-thyristor bridge rectifier, using wave forms of Figures 6.5a and 6.5b.

harmonic
vh

(V RMS)
<*h

(deg.)
Ik

(A RMS)
d*

(deg.)
Figure 6.5a

0 -2.00 - 0.97 -
1 232.45 -0.21 98.57 0.05
2 2.62 8.13 0.95 8.48
3 3.22 -177.01 20.94 -50.36
4 0.49 -34.63 1.76 -16.24
5 7.87 78.04 28.09 -178.45
6 0.57 52.93 1.96 -154.77
7 4.07 -43.24 14.76 43.37
S 0.66 -20.18 0.89 34.88
9 0.82 25.01 1.16 173.64
10 0.67 16.40 0.43 -166.05
11 1.25 -100.66 3.84 37.34
12 0.48 -28.02 0.61 53.97
13 1.12 134.14 1.47 -109.33

THD49 (7o) 4.93 - 39.19 -
Figure 6.5b

0 -2.73 - 1.04 -
1 234.71 15.39 80.16 3.30
2 2.26 24.05 2.14 -57.70
3 5.23 -75.48 26.81 -48.50
4 1.58 -63.40 5.13 35.08
5 9.75 96.93 46.67 -144.19
6 1.68 -27.15 4.32 174.93
i 4.54 -142.55 11.50 5.16
8 0.30 141.44 2.12 -79.65
9 1.41 17.15 2.54 151.87
10 0.12 -35.28 0.57 -46.26
11 2.71 -87.19 3.48 14.43
12 0.70 -95.10 1.20 4.67
13 3.75 15.70 4.27 141.54

THD49 (%) 6.81 - 70.03 -

Note that the first and the last line of Equation 6.11 each are zero and the cosine terms 

of lines 2 and 3 are equal, yielding

D2 = U'tfi + Uh'f -  2UlU2I \ h  cos(<(>\ -  0o). (6.12)

The numerical value of Equation 6.12 is two times as great as that of Equation 6.8, and 

thus Equation 6.10 is numerically correct, however, it involves voltage and current of 

like frequencies.
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Table 6.5: Computed power quantities for the voltage and current wave forms of Figures 
6.2 to 6.5 (results of Equations 6.4 to 6.7).

wave form
S

(kVA)
P

(kW)
QT

(kVAr)
D*

(kVAd)
Fig. 6.2 25.87 25.83 1.3 % 0
Fig. 6.3a 25.48 25.00 -2.82 4.03
Fig. 6.3b 25.11 18.02 -9.75 14.52
Fig. 6.4a 24.98 22.26 9.19 6.64
Fig. 6.4b 23.48 15.00 6.59 16.82
Fig. 6.5a 24.64 22.81 -0.44 9.3
Fig. 6.5b 23.03 18.01 3.36 13.95
kVAr means reactive power. 

*kVAd means distortion power.

6.3.3 Formulations of D according to Czarnecki [51], [57]

Czarnecki [51] computes the distortion power as

D b =  ~ J S ? - ( P * + Q%) =  , / E  £  A "
V r€Ms€\[

with Ars =  U;U'~{Y'f -  2YrYs cos(<t>r -  4>s) +  Y;\ (6-13)

where U is the voltage. P  is the active power. Q b is the reactive power, and Yn =

Yne~J<t>n is the load admittance for harmonic frequencies. This definition is same as 

Equation 6.8 if Y  = jj is substituted into Equation 6.13.

In a more recent paper [57], Czarnecki presents a similar definition for distortion

power

D% =  S 2 -  (P2 +  Q%) (6-14)

Or Dg  =  ^ f ^ f ^ { ( U rI s - U s I r ) 2 +2[frIsUsIr[l-COs(0r - 0 s)}} . (6.15)
r= Q  s = 0

This definition is similar to that described in [51]. For the first two harmonics (neglecting
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DC component) Equation 6.15 becomes

D'b  =  \ { { U , h  ~ U i h ) 2 +  2C/l / 1C/l/ 1[l -  cos(0! -  0 t )l

+(Uih ~ Uoli)1 + 2Ui I2U2I i [1 -  cos(0! -  9o)\

+ {U2I I -  U i h ) 2 + lU2I\.UyI2[l -  COS(0 2 -  0l)l

+ (6/2̂ 2 — U2I2)2 -+- — cos(02 — ^2)]} (6.16)

A simplification of Equation 6.16 indicates that it is the same as that of Filipski (Equa­

tion 6.12).

6.3.4 Formulation o f D  according to IEEE Standard Dictionary [52]

IEEE Std 100-1996 [52] defines the distortion power in a single-phase two-wire 

circuit as

D =  ({7- -  S2)l/2 =  (U2 -  P2 - Q 2) l/2 (6.17)
/r=oc« 7=oc \  1/2

= E E  {E2I 2ErEqI rIqcoS(dr - e q) } \  (6.18)

where U is the apparent power defined by Equation 6.4; P  and Q are the read and 

reactive powers defined by Equations 6.5 and 6.6, respectively: ET, Eq and Ir. l q are the 

rms values of the harmonic voltages and currents, respectively: and 9r = a r — and

9q =  a q — f3q. It is apparent that there is somewhere a minus (-) sign missing, because

the unit of D is not correct. The formulation in an older version of the dictionary (IEEE 

Std 100-1977) is similar to Equation 6.18, except that there is a minus sign after the 

term E 2Iq, which makes it equal to the Equation 6.10 of Filipski.
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6.3.5 C orrect In te rp re ta tio n  of B udeanu’s [46], [49], [54], [55], [50],

[51] D efinition of D

Using Equation 6.7 and considering only the first three harmonics of voltage and 

current (including DC components), the distortion power can be written as

D2 = S 2 -  P2 - Q 2 (6.19)

= {V2 + V2 + V2 + V2){I2 + I 2 + I 2_ + I 2)

— {VqIq +  V\I\ cos91 ■+■ V2lo cos do + V3 / 3  cos d3)2

— {V\Ii sin^i + V2 I2  sin0o + V3I3 sin<?3)2. (6.20)

Expanding Equation 6.20 and using trigonometric identities yields

D2 = V 2! 2 +  V2I 2 -  2VQV J0I l cos d[

+ V02/ f  +  V?I2 -  2VQVoIQIo c o sdo

+ V i l l  + V 2! 2 - 2 V 0 V3/0/3 cos d3

+  +  V22l't -  2 Vi Vo 11 lo cos(0! -  do)

+ Vfl'i + V2I 2 -  2VX V3I J 3 cos(0! -  d3)

+ V.fl'i +  V2I 2_ -  2VoV3loI3 cos (do -  d3). (6.21)

Taking into account the components of h harmonic orders. Equation 6.21 becomes

h-l h
D'2 = H  E  {V n Z  +  V Z l l - 2 V mVnImIn cos(dm - d n)} (6.22)

rn=0 n—m-r I

Knowing the Fourier coefficients of the wave forms. Equation 6.22 can be used to cal­

culate the distortion power D without computing S , P , and Q.

6 .4  D iscussion  o f  R e su lts

In some of the referenced publications, the listed formulations do not generate 

correct numerical results for the definitions of D as a function of voltage and current
I

I

I1
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Table 6.6: Distortion power D in kVAd computed from different definitions.

figure # 6.2 6.3a 6.3b 6.4a 6.4b 6.5a 6.5b
Eq. 6.8 
Eq. 6.10 
Eq. 6.15 
Eq. 6.22

=  0 
= 0

a  0

5.68
4.02
4.02
4.02

20.53
14.52
14.52
14.52

9.38
6.63
6.63
6.63

23.78
16.81
16.81
16.81

13.15
9.30
9.30
9.30

19.72
13.94
13.94
13.94

harmonics. The formulations of Filipski [50]. Czarnecki [57], and IEEE Std 100-1977 do 

produce correct numerical answers for D: however,they involve the products of current 

and voltage harmonics of the same order, as can be seen in Equations 6.11 and 6.16. 

The formulation for the distortion power D of Section 6.3.5 of this thesis is validated 

by measurements. The distortion power D as a function of THDi  for different types 

of nonlinear loads is shown in Figure 6.6. with very small errors of about 0.05%. The

c.

+ d io d e
© th y r i s to r  w ith  c a p a c i to r  
A th y r i s to r  w ith o u t c a p a c ito r  
O d io d e  + th y r i s to r

5 -
•a

800 20 40 60 100
THD,. (%)

Figure 6.6: Measured values of distortion power as a function of T H D i  for diode-, 
thyristor-, and combined diode-thyristor bridge rectifier loads.

independent determination of P, Q, D, and S  leads to an excellent agreement with 

Equation 6.1, as defined in the 1930’s by Budeanu.

I
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C H A P T E R  7

D E T E R M IN A T IO N  O F  H IG H -F R E Q U E N C Y  L O S S E S  O F

IN D U C T O R S

7.1 In tro d u c tio n

There are three types of losses in an inductor: copper, iron-core, and stray power 

losses [58]. [59]. Copper losses are caused by the resistivity of the wire material and 

they increase with frequency as (f h / f i Y ■ This increase is due to the proximity, skin 

and the spirality effects [60]. At high frequencies, current tends to flow on the surface 

of a conductor, thus increasing the resistance of a wire. Spirality effects are caused 

by the twisting of the individual noninsulated strands of a conductor. Iron-core losses 

are the result of eddy currents generated inside the core material due to time-varying 

fluxes. Stray power losses can be defined as the losses originating in stray electromag­

netic fluxes within windings, iron-cores. enclosures [61]. clamps and nearby conductive 

regions [62], and from circulating currents due to asymmetries within the wire structure. 

Two methods for measuring losses of inductors at high frequencies from 0 to 6 kH z  are 

employed: the first involves the use of sampled inductor voltage and current wave forms 

obtained from an A/D converter and a computer. The second, called three-voltmeter 

method, consists of recording the rms values of three sinusoidal voltages.
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To determine the losses of the inductors used in different parts of the drive sys­

tem. e.g.. rectifier, inverter and input and output filters, the measurement circuit of 

Figure 7.1 is proposed. A power amplifier along with a signal generator supplies sinu-

thick stranded (Litz) 
copper conductor

240V. 60Hz inductor 
under testisolation

transformer i(t)

R vd
hout

i(t) V3<U -
wall outlet 
ground

A/D converter

signal conditioning 
amplifiers

protection
circuitcomputer

power
amplifier

sinusoidal

generator
signal

S\Ch

Figure 7.1: Measurement circuit to determine the losses of inductors.

soidal voltages at different frequencies to the inductor being tested. Voltage and current 

wave forms of an inductor are sensed by low-inductance resistor voltage dividers and 

shunts, respectively, and are sampled by a 12-bit A/D converter. The sampling program 

given in Appendix A sequentially samples 15.000 points for two channels at 900kHz for 

one 60Hz period (16.67ms). resulting in 7.500 points for each channel.

The average input power at any frequency is given by

p C A T*losshA T  =  I  f 1
,Sh T  JQ

(7.1)

where U3(f) and i(t) are the voltage and current of the inductor, respectively. For 

sinusoidal voltage and current wave forms, Equation 7.1 becomes the familiar

^fossil ~  ^ 3 rm sh 7 rm sh COS Oh (7.2)

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



98

where 9 is the phase angle between v3 (t) and i(t). The AC resistance (Rack) and 

inductance (L/Jof the inductor as a function of frequency (fh =  h f i )  are then computed 

as

where Zh = V3 rmSh/ I rTTlSh and f h is the frequency.

The data is sampled by a program provided by Keithley/MetraByte [63] and is

Appendix A; and for postprocessing, the sampled data are written on a floppy disk for 

evaluation on a workstation, where the loss, resistance, and inductance computations 

can be performed (for h =  0,1,2,3, • • • 138) within 2 minutes, employing a very exact 

Fourier analysis based on Gausssian integration [64], A fast Fourier Transform (FFT) 

has not been chosen, in order not to compromise the accuracy of these measurements.

The losses of some inductors are very small, e.g., 1 or 2 watts for a given current 

of 5Arms: nevertheless, one has to raise the question of how accurate the measured 

results obtained from the circuit of Figure 7.1 are. For this reason, an alternative

is based on three (sinusoidal) voltage measurements as shown in the circuit of Figure

9 is 90°, which corresponds to an ideal lossless inductor. The value of the resistor

of the inductor. Depending on the value of the resistor R.\chi the voltage across the 

inductor is nearly equal to the input voltage, i.e., VirmM =  V3rmj when Virmi 3> V2rmJ. 

For such conditions the computed inductor loss measurement becomes inaccurate. To

rmsh
(7.3)

written either in Quick Basic or The command file for sampling is shown in

7.3 T h ree-V oltm eter  M eth od  (3V M )

approach is used to check the results of the computer-aided method. This approach

7.2 [65]. From the phasor diagram of Figure 7.3, V\ =  Vo 4- V3, one finds that the rms 

value of V\ is always greater than that of V3. The maximum value of the phase angle

R -2 must be known in order to compute the power loss Pĵ ^ 1 and AC resistance R.\ch
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inductor

99

R ACh

Figure 7.2: Three-voltmeter method for measuring the losses of an inductor.

remedy this problem, the resistance Ro should be chosen such that the input voltage 

( V \) applied to the circuit at a certain frequency and at a given current should satisfy 

the following condition: V\ < 8V o  where V2 is the voltage across the resistor Ro. This 

condition stems from the laboratory experience gained. The three-volt meter method 

can be combined with the computer-aided measurement circuit, if the shunt resistance 

R sh of Figure 7.1 is used as resistance Ro of Figure 7.2.

The rms values of the sinusoidal voltages V\, Vo, and V3  can be written as

Vi = IyJ{R-z + R a c J 2 + Xh 2  . 

V2 =  I R 2  .

V 3 =  I \J R a c k2 + X ^

(7.4)

(7.5)

(7.6)

where I  is the rms value of the sinusoidal current I  and Xh =  27r//lL/l. Taking the 

squares of Equations 7.4 and 7.6 and subtracting Equation 7.6 from Equation 7.4 gives

Vt 2  -  W2
Ro~ +  2R2R.ACh — j -2

Substitution of Ro  from Equation 7.5 yields

(7.7)

d3 V  XI   d _Moss  ̂ ‘*10*
V i2  _  v 22 _  y 3 2

2R 2
(7.8)
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100

Figure 7.3: Phasor diagram of three-volt meter method.

7.4  Error A n a lysis

Table 7.1 lists the errors of the sensors (low inductance voltage dividers and 

shunts) and digital meters used for both measurement circuits. Digital voltmeters have

Table 7.1: Sensors and instruments of Figures 7.1 and 7.2 and their full-scale errors.

instruments 
and sensors

full scale full-scale error 
values

full-scale
errors

Rvd 30017/717 SR,* = 0.0717 1%
Rsh 12 A eR,h =0.12 A 1%
R 2 2 0 = 0.06D 3%
Vl- V2, ^3 300V". 3017. 317 V̂i.2.3 = 0.317, 0.0317, 0-00317 0.1%

10.4 ea = 0.01A 0.1%

different voltage measurement ranges, e.g.. 317. 3017. 3001/. and they switch to a higher 

range if the measured voltage is greater than the maximum value of that range. There­

fore, the maximum value of each range is used in error calculations, depending on the 

value of the measured voltage. If the input voltage is small for some inductors, in par­

ticular at low frequencies, the voltage divider (#„,/) is not used, therefore, SRud does not 

enter the error calculations.

7.4.1 Com puter-Aided Testing (CAT)

The computer-aided method relies on the rms values of voltage and current for the 

loss calculation. Therefore, the resulting error in the loss measurement can be computed 

by defining percentage errors in voltage amplitude, current amplitude, and the angle
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between voltage and current. Rewriting Equation 7.2 including the error values gives 

at a given frequency //,

PgsY  + A =  (V3rms + A V)(Irms + A /) cos(<9 + Ad) . (7.9)

The error in the measurement of phase angle 6  =  6 2  — 0\ depends on the sampling points 

for one period. As can be seen from Figure 7.4. the A/D converter samples signals at As

v(t)
As HO

2 n0

Figure 7.4: Measurement of phase angle 0 =  6 2  — Q\-

intervals which results in a maximum error of As/2 for the zero crossing of the signal. 

Thus, the error in the measurement of this angle is AO =  AOo — AQ\.

From A0i =  AQo = ±As/4ir  follows at a given frequency /*:

A 0 \max =  ± A s/2 tt . (7.10)

where As =  -pp- f s = 900 kHz  is the sampling frequency and fh (from 0 to 6 kHz)  is 

the frequency of the signal sampled.

Expanding Equation 7.9 results in

Ploss +  A P ioss =  (Vrmslrms +  AV I rmS +  AIV rTns +  AKA/)(cos6>cos AO -  sinOsinAO )

(7.11)

where

(A 0 )2 (AO)4 (AO)3 (AO)5cos AO = 1 -   . sin AO =  AO -  L - L  +  L   .

Neglecting the second and higher order error terms, e.g., (AV)2 ~  0, the following result 

is obtained

^ -  tan 0A01max . (7.12)
Moss vZrms *rms
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The voltage and current values axe measured with the maximum error of

&V _  ±  gy A / _  ±£R,k ± £ i
V V  r I  I

Consequently, the total loss is measured with the maximum error of

(7.13)

■̂ PfosY _  ±ER,d =fc ±  £A _  tan
p C A T  ~  ' '

loss
(7.14)

K /  2tt

Equation 7.14 reveals that for an ideal inductor (# -*■ 90°) tan# will approach 

infinity. That m e a n s  the maximum error of the computer-aided approach will become 

large as well. To reduce this error the sampling frequency {fs) must be increased to 

a very high value, so that As x; 0. In this case, tan# - As  yields an indeterminate 

expression of the form oo • 0. This can be solved by use of L'HospitaFs rule, whence

A s 0
l i m  -------   =  l im  — —  =  0  .

0—*•90° c o t  #  0—>90° -I 
sin2 0

(7.15)

Equation 7.15 suggests that the error of the measurement of angle approaches zero for 

an ideal inductor, if a sufficiently large (infinite) number of samples are used.

Table 7.2 presents, for selected frequencies, the phase angle # and the maximum 

errors of the computer-aided measurement approach for inductor #1. The voltage 

divider is used for the frequency of 6000Hz. but not at 900H z  for the values in Table 

7.2. Errors at high frequencies can be reduced by limiting the sampling window to 

the frequency of the signals (not fixed at 16.67ms) and by increasing the maximum 

sampling frequency of the A/D converter, e.g., to 3M H z.

Table 7.2: Errors of computer-aided method at selected frequencies.

U (Hz) IV'il (V) lAl (A) 9 (degrees)
a p C A T

1 o m a

900 0.3737 5.02 69.81 3.95 %
6000 2.2647 5.016 79.74 13.21%
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7 .5  T h ree-V oltm eter  M eth od  (3V M )

Applying a similar error analysis to Equation 7.8 results in

„ Apu _  (Vi + AVQ2 -  (V2 + A Vo)2 -  (V3 +  AV3)2 
loss 2{Rl + A R i )

(V\ 2  +  2V\ A Vi) -  (V22 + 2V2 A V o )  -  (V32 +  2V3 AV3)

(7.16)

(7.17)
2 R l (l + ^ )

2 3Using the Taylor series expansion of =  1 —x - F ^  —  . Equation 7.17 reduces

to

■ (
Vi2 -  Vo2 -  V32 +  2Vi AVt -  2Vo AVo -  2V3 AV3

2 R,
(7.18)

Second-order error terms are neglected in Equations 7.17 and 7.18. Disregarding the 

products of error terms, e.g.. AV Ai?2 — 0, we obtain

P SV M  , a  p 3 i * . v  V i*  -  V2 2  -  V , 2 , 2 V  AVi -  2 Vo AVo -  2V3 AV3
M oss +  loss ~ ------------------------------- --------------------------------------------------------------2Ri

Vi2 -  V,2 -  V32 A R 2

2 R

2Ri Ro
(7.19)

then

A Pioss1 _  2 (Vi AVi -  Vo AVo -  V3 AV3) A R 2

p 3 V M  
loss Vi2  -  v>2 -  v32 Ro

(7.20)

a n d

a  p 3 V \ [  
loss 

p 3 V \ {  
loss

= 9 Vi (±grt ) -  Vo (±ey2) -  V3 (±ey3) _  ± sr ,  
Vi2  — Vo2 — V}2 fl2

(7.21)

where A R 2 /R 2  is the error in the measurement of resistor R2. Its value is computed 

from Ro =  V o// as defined in Figure 7.1. Then, the error in the measurement of R 2  is

R '2 +  ARo =
v2 -1- a v 2 Vo 1 = rr (7.22)
I  + A I  I  1 +  A/ '

Applying a Taylor series expansion to - :~AT in Equation 7.22 and eliminating higher
l-p /

order terms gives

A R 2  AV2  A I  ±£yj
R i Vo V2

(7.23)
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The three-voltmeter method generates errors which indirectly depend on the angle 

9. For a large 6 . Vo will be small as compared with V\ and V3. The smaller Vo is. the more 

difficult it becomes to measure it accurately. Table 7.3 presents some of the maximum 

errors as a function of Vo for inductor #1.

Table 7.3: Errors of Three-Voltmeter Method at selected frequencies.

/(H z) IV'il (V) IV2I (V) IV3I (V) Plo.. 3 v.\r
900 0.776 0.540 0.370 6.57 %
6000 2.413 0.542 2.260 8 .2 1 %

7.6 E xp erim en ta l R esu lts

7.6.1 Procedure

The inductors described in Appendix B are tested at frequencies from 60Hz to 

600077z with 60077z or less increments at a  current of 5A. As shown in Figure 7.1. the 

voltage signal is sampled through a voltage divider resistor network (Rvd) and there 

are signal conditioning amplifiers between the A/D converter and the actual signals. 

Some of the inductors have very small inductances and resistances (mfl-range). Thus, 

the voltages sampled axe very small and an appropriate gain (e.g.. 6) for the voltage 

amplifiers must be chosen. The AC resistances, for different gains of the amplifiers, are 

compared in Figure 7.5 for inductor inductor #5. The bandwidth of network used for 

amplification must be wide enough so that measurements at 6kHz are not impaired.

A signal generator supplies sinusoidal signals at various frequencies to the power 

amplifier, where the frequencies should be integer multiples of the power system fre­

quency of 60Hz. Therefore, an exact measurement of the applied frequency of the sinu­

soidal voltage is required. One way to measure the frequency is to plot Lissajous curves 

on the oscilloscope as illustrated in Figure 7.6a, where the power system frequency is 

connected to the X  input of oscilloscope, while the output of the power amplifier is

| attached to the Y  input.
j
I
ii
i1
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Figure 7.5: The effect of changing the gain of voltage amplifier on the R_\c °f inductor 
# 5  (without core).

The parametric plot of two sinusoidal functions given by the following equations

x( t )  =  .4i sin(u;it — 6\ )  . y{ t )  =  Ao sin^ ot — 0o)

are called Lissajous curves [66]. The curves close if ^  is rational, i.e.. uio is an integer 

multiple of uq. This is shown in Figure 7.6b, where the plot on the left-hand side is a 

closed curve since //, = 3 • 60 = 180Hz. while the one on the right-hand side is an open 

curve at //, =  3.1 • 60 = 186Hz. The curves will thus be stationary on the oscilloscope 

screen when the output frequency of the power amplifier is an integer multiple of 60Hz, 

otherwise a movement of the trace will be observed on the screen.

Each inductor is connected to the measurement circuit through a thick, stranded 

(Litz) copper conductor. Since the AC resistances (R.±c) for some inductors are very 

small, this connecting wire may contribute to a somewhat higher measured resistance 

than the actual resistance of the inductor being tested because additional losses occur 

in this connecting wire. This difference is illustrated in Figure 7.7 for inductor #5  (with 

core), where the -I- sign denotes the R_\c with the use of a connecting wire and “O" 

shows the R ac with a direct connection to the measurement circuit. This connecting
i
iIf
i

!
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2 4 0 V  6 0 H z

oscilloscopemeasurement
circuit

isolation
transformer

power
amplifier X-Y

(a)

1.5 _

1.0“N

3  I
h  0 .5 -  ii

« o.o -
> I
= -°-5: 
w*
C

_10r

- 1 .5 1
-L.5 -1 .0  -0 .5  0.0 0.5 1.0 1.5 -1 .5  -1 .0  -0 .5  0.0 0.5 1.0 1.5

reference voltage. f=60 Hz reference voltage. f=60 Hz

(b)

Figure 7.6: (a) Measurement circuit to determine the output frequency of power ampli­
fier. and (b) Lissajous curves. 9\ = 0° and 9o =  60°.

wire will not affect the results of inductors with large AC resistances because of its small 

resistance. Note that, in this part of the experiment, inductor # 5  has a core (Figure 

7.7).

As shown in Figure 7.1, signals are referred to earth ground (wall outlet). In 

some applications it may be required to perform measurements on-line, i.e., measuring 

the losses of an inductor when the equipment is operating. Therefore, current and 

voltage signals need to be isolated from the measurement circuit to prevent ground 

conflicts, because the measurement circuit is tied to earth ground to protect personnel 

and equipment. A two-channel, optically isolated, data acquisition system has been 

developed [67] and tested in the laboratory. This system includes a dual instrumentation

I
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Figure 7.7: The effect of an external connecting wire on the R_\c of inductor #5 (with 
core).

amplifier, two isolated gain amplifiers, and two sample/hold amplifiers. The isolated- 

gain amplifier has a bandwidth of 6kHz. which limits the maximum operating frequency 

of this system. Inductor #8 is tested with this optically isolated circuit, and the results 

are compared in Figure 7.8 with non-isolated measurement results. At frequencies lower 

than the bandwidth of the amplifier, the results are very close, but at 6kHz the difference 

is large. The accuracy at high frequencies can be improved if an isolation amplifier with a 

higher bandwidth (e.g., 60 kHz) is used. Note that for each and every data set measured, 

a calibration with the participating voltage and current meters are performed; this will 

reduce the calculated maximum errors.

7.6.2 Comparison of Measurement R esults with Theoretical Solutions

A solid circular wire fed by currents of high frequency can experience skin effects 

if the radius of the wire is larger than the penetration depth (a > S). This will result in 

an increase of the AC resistance of the wire because high frequency currents tend to flow

' on the surface of the wire. Two solid round “nonmagnetic” * steel rods are connected in

1 No nonm agnetic  materia l has /xr = 1, but fir ~  1.

iiI

i
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Figure 7.8: The AC resistance of inductor #8 measured with two different grounding 
methods.

series as shown in Figure 7.9. and the losses and AC resistances as a function of frequency 

are determined by using both the computer-aided measurement circuit of Figure 7.1 and 

that of the three-voltmeter method of Figure 7.2. Both approaches can be implemented

steel rods. 12.7mm

computer
aided

measurement
circuit

T 0.3 mi
thick 
copper 

- connection 
wire

1.08m

Figure 7.9: Loss measurement of two parallel steel rods.

together in one measurement circuit, if the shunt resistance Rsh of Figure 7.1 is used as 

the resistance Ro of Figure 7.2. Since the applied voltage to the steel rods is less than 

one volt, the resistive voltage divider network R„d is not used and the voltage signal is 

directly applied to the amplifier having a gain of six. Figure 7.10 illustrates the results 

of the two different measurement approaches which are in good agreement with each 

other. The errors for the results based on the computer-aided circuit of Figure 7.1 are
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found from Equation 7.14. Because the voltage is directly applied to the steel rods, the 

error term of Equation 7.14 is zero. Using the voltage and current values (at 6kHz) 

of /  =  5.007.4. Vi = 0.905U. V2  =  0.541U. V3 =  0.557U. tan0 = 2.27 and the values 

of Table 7.1. the maximum error for the computer-aided approach, where all the error 

values have same sign and therefore add up to each other, is

A Ploss = iOOOS ± 0 .1 2 ± M I. _  _
CAT 0.5375 5.007Ploss

Using Equation 7.23 gives ^  =  ±0.0075 . The maximum error

for the losses based on the three-voltmeter method is computed from Equation 7.21 and 

is = ±6.47%.

The reason for measuring the losses and AC resistances of the steel rod(s) of Figure

7.9. at varying frequencies with sinusoidal current and voltage, is to compare measured 

results with existing theoretical solutions [68]. If theoretical results corroborate those of 

the two measurement approaches, then one can use these two measurement methods for 

inductor configurations for which no theoretical solutions are known. The goal of such 

inductor loss measurements is the efficiency improvement of the rectifier and inverter of 

Chapters 2 and 3: only if the losses in these components are known can the efficiency 

of the entire drive train be improved.

For a solid round wire, the ratio of the AC resistance to the DC resistance can 

be written [68] as

R ac 1 a t>er P  t>ei' P  — bei P ber; P
R oc  s/2 S (b e r 'P )2 +  (bei'P )2

(7.24)

where P  = \/2 ( f ), a is the radius of the wire, 6  =  H and a  are the permeability

and conductivity of the wire material respectively, = 2 irf is the angular frequency, 

and R q c  = Equation 7.24 is obtained by solving the zero-order Bessel equation.

The functions "ber’‘ and •‘bei” are called “Bessel real” and “Bessel imaginary” and are
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Figure 7.10: AC resistance. R ac of steel rods, f i  =  60Hz.

defined as

x4 x8 x 12 t
ber x = 1 -  ^TjaT^t + (4!)2 • 28 ”  (6!)2 -2 12 H

r 2 x6 x 10h-i x  -  __ :-_________- ___ H---------------------- (7.26)
(l!)2 • 22 (3!)2 • 26 (5!)2 • 210

ber' x  = -j- (ber x) (7.27)
ax

bei* x = —  (bei x) . (7.28)
ax

At high frequencies, where the skin depth is much smaller than the radius of wire, 

i.e., J < a .  then the current flows essentially only within a ring of outer radius a and a 

skin-thickness 6  [69]. The resistance of the wire at high frequencies can be reasonably 

approximated as being equal to the resistance of the ring, becoming for a unit length 

(ohm/m):

1  1
aAring aiz{2 a8  -  P )R ac =  — —  =  . ■—  • (7-29)

Dividing by Roc-, obtains the approximation

^ d £  = __ —----- = ( - ) 2 ------   . (7.30)
R o c  2 a 5 - P  U J  (2f — 1)
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Equations 7.24 and 7.30 are plotted together in Figure 7.11 as a function of (a/S). The 

x-axis can be converted to frequency with the following transformation

(7-31)vd / a~yait

where a and S are in meters.

6E 1------- 1--------------- 1 ' ' ' 1 ' 1 1 1 1 5c a

e x a c t  s o lu t i o n

—  a p p r o x i m a t e  s o l u t i o n  f o r  (a/<5)>!

a t\ Q«

8 1060 2 4
(a/<5)

Figure 7.11: Analytical solution of skin effect resistance ratio for a solid round wire.

Equation 7.24 is plotted, together with the results of the two different measure­

ment approaches, as a function of the a/S in Figure 7.12. Permeability and conduc­

tivity of the "nonmagnetic” steel rods must be known in order to compute skin depth 

(5). Using the DC voltage-drop method, the resistance can be determined, and then 

the conductivity is computed from the length of the steel rods. Conductivity of the 

connecting wires are also included in this measurement. Since the permeability of the 

‘‘nonmagnetic” steel rod is not exactly known and the value of conductivity (as) ob­

tained from DC voltage drop method is only an approximation, a value of ay  =  a sy r yo  

(where y T=9) is used when determining penetration depth.
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Figure 7.12: Skin effect resistance ratio of round steel rods.

7.6.3 Results for Inductors with Stranded Conductors

The measured AC resistance-frequency functions for inductor #1 (see Appendix 

A), based on the two methods, are compared in Figure 7.13 up to 6 kHz. The results 

of the two methods are in good agreement. Figures 7.14, 7.15 and 7.16 compare the 

losses of inductors #5 and #1 with and without an iron core. Such a comparison could 

be used for optimizing inductors, for a given inductance Lh and resistance R ac* a*- a 

certain frequency //, (e.g., 6kHz), with respect to cost.

Losses of three different stranded wires (uninsulated from each other), where the 

properties are outlined in Table 7.4 are measured to compare the effects of different 

stranding methods. In these measurements the lengths of the wires are approximately 

equal, and they consist of only a single turn, where each conductor side is placed far 

apart to reduce the influence of the proximity effect, because at separating distances 

of 20cm or more, the proximity losses are negligible [60]. Inductors #1 and #13 have 

approximately same effective copper cross-section, whereas inductor #12 has about 3 

times the cross-section than those of inductors #1 and #13. For each conductor, the
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Figure 7.13: Comparison of AC resistance measured with computer-aided, and three- 
voltmeter methods (inductor # 1 . single turn).

equivalent radius of a solid wire is computed by multiplying the cross-sectional area of 

one strand with the number of strands.

Table 7.4: Dimensions of stranded wires.

inductor #
#  of 
strands

#  of wires 
in each 
strand

diameter of 
one wire in 
a strand 
(mm)

total cross 
sectional 
area 
(mm2)

equivalent 
radius 
of a solid 
conductor (mm)

1 19 7 0.254 6.739 1.4646
12 7 1 1.9558 21.0299 2.5873
13 7 1 1.2192 8.1722 1.6128

Figure 7.17 illustrates that the strand size or the number of strands does not 

really affect the losses, provided the total cross-sectional areas are the same. The losses 

are reduced if a wire with a larger cross-sectional area is used. However, the increase in 

the AC resistance (due to frequency) of a conductor with a larger cross-section is greater 

than that of a smaller sized conductor. One reason for the significant resistance increase 

of conductors with strands versus those with a solid cross-section is the asymmetry in
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Figure 7.14: (a) The AC resistance and inductance of inductor #5 , and (b) change of 
AC resistance as a function of frequency, R d c  =  4.14mfl, R & k H z / R - D C  =  11-28.
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Figure 7.15: (a) The AC resistance of inductor #1, and (b) change of AC resistance as 
a function of frequency.
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Figure 7.16: (a) Copper loss (Pcu) and iron core loss (P /e) and (b) inductance of inductor 
#1-
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the conductor structure introduced by uninsulated strands (spirality effect), resulting in 

additional eddy currents [60]. Figures 7.18 to 7.21 show the AC resistance increase as a

8 0  

6 0
cT
S
. 4 0U <

OS

2 0  

0
0 1 2  3 4  5 6

frequency , (kHz)

Figure 7.17: AC resistances of inductors #1. 12. and 13 at Irms =  54 (all inductors 
have single turns).

function of frequency for inductors #2. #6 . #7. and #10. The measured AC resistances 

for inductors using solid wires are given in Figures 7.22 to 7.26.

7 .7  C onclusions

Two different measurement approaches (computer-aided and three-voltmeter) 

have been applied to determine how the losses of inductors vary with frequency. Both 

methods can measure losses of a few watts with an error of less than 10% (see Figures

7.10. 7.12. and 7.13).

The resistance increase of inductor # 2  (see Figure 7.18a) is much larger than 

that of inductor #5  (see Figure 7.14) where Litz wires are used. Figure 7.24 represents 

the resistance increase for a DC filter inductor #8. In this case a large increase of the 

resistance from DC to 6kHz is desirable, to reduce switching harmonics in the DC output
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Figure 7.18: (a) The AC resistance and inductance of inductor #2, and (b) change of 
AC resistance as a function of frequency, Rpc — 18.5mfi, Rekfiz/R-dc =  64.4.
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Figure 7.19: (a) The AC resistance and inductance of inductor #6, and (b) change of 
AC resistance as a function of frequency.
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Figure 7.20: (a) The AC resistance and inductance of inductor #7 . and (b) change of 
AC resistance as a function of frequency.
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Figure 7.21: (a) The AC resistance and inductance of inductor #10, and (b) change of 
AC resistance as a function of frequency.
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Figure 7.22: (a) The AC resistance and inductance of inductor #3 , and (b) change of 
AC resistance as a function of frequency.
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Figure 7.23: (a) The AC resistance and inductance of inductor #4, and (b) change of 
AC resistance as a function of frequency.
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Figure 7.24: (a) The AC resistance and inductance of inductor # 8 , and (b) change of 
AC resistance as a function of frequency, R dc =  10.7mfi, RekHz/R-DC =  2303.
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Figure 7.25: (a) The AC resistance and inductance of inductor #9, and (b) change of 
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Figure 7.26: (a) The AC resistance and inductance of inductor #11, and (b) change of 
AC resistance as a function of frequency.
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Figure 7.27: (a) The AC resistance and inductance of transformer #1, and (b) change 
of AC resistance as a function of frequency.
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Figure 7.28: (a) The AC resistance and inductance of transformer #2, and (b) change 
of AC resistance as a function of frequency.
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of a rectifier, however this increase reduces the efficiency if the harmonic currents are 

impressed. Inductor #9  contains an iron-core, therefore, the measured losses include 

copper, iron-core and stray-power losses. Examination of Figure 7.25a shows that at 

lower frequencies (< IkHz) the losses increase as a quadratic function of frequency: 

while at high frequencies, a linear relationship is observed. This is illustrated in Figure 

7.25b. where two different curves (for high and low frequencies) for R,\c are plotted. 

Note that the same type of core shown in Appendix B (type I) is used in inductors #5 . 

9. and 2. while inductor #8  has an El type core. The AC resistance of inductor #8  is 

more than 2000 times its DC resistance value. This can be explained by the fact that 

since a large volume of core material is employed: the core losses are larger than the 

copper and stray-power losses.

Inductor #9  was also tested at 30 different frequencies, up to 6kHz. It can be 

seen from Figure 7.25a that at low frequencies, e.g.. f h / f i < 12. the AC resistance 

increases with the square of the frequency, but at high frequencies a linear relationship 

can be observed. This is illustrated in Figure 7.25b where the data are split into two 

portions at the 12th harmonic of 60Hz. By changing the value of x-axis. i.e.. adjusting 

£ in {fh lf\ .Y■ a linear relationship which best fits the measured data can be obtained. 

Table 7.5 summarizes the ratio of AC resistances at 6kH z  to the DC resistance of wire 

for different inductors.

The following conclusions can be drawn from the measurement results:

1. This chapter demonstrates accurate loss measurement techniques for inductors 

operating at high frequency (e.g.. 6 kHz)  with low power dissipation. The up­

per limit of the frequency can be significantly (e.g.. 30kHz) increased if A/D 

converters, with a higher sampling frequency, e.g., 5M H z,  are employed.

2. The computer-aided measurement technique applies to any (non)sinusoidal wave 

form, while the three-voltmeter method is limited to sinusoidal signals.
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Table 7.5: Ratio of the AC resistance values to the DC resistance values of the inductors 
(m indicates 10-3 ).

inductor # R dc  ( f t ) * (ft)
D6k
R d c

comments
1 23.4m 0.821 35.08 with core
1 23.4m 0.493 21.07 without core
1 23.4m 80.5m 3.44 single loop, one turn
2 20.0m 1.288 64.4
3 13.2m 172.1m 13.04
4 28.3m 12.36 436.75
5 4.14m 46.7m 11.28 with core
5 4.14m 10.5m 2.54 wound as 7 turns 

in 2 layers, no core
6 15.1m 127.4m 8.44
7 10.0m 139.0m 13.9
8 10.7m 24.65 2303.7
9 11.1m 476.0m 42.88
10 3.9m 19.9m 5.1
11 0.15 23.5 156.67 R a c  at fh =  4.2Ari/z
12 6.76m 37.76m 5.59 single loop, one turn
12 6.76m 170.57m 25.23 wound as 8 turns 

in 4 layers, no core
13 21.3m 72.08m 3.38 single loop, one turn
steel rods 34.26m 52.3m 1.53 two in series
transformer 1 56.3m 1.526 27.1
transformer 2 61.29 140.17 2.29 R a c  at fh  =  4.2kH z

3. A stranded wire (uninsulated strands, no core, proximity effects absent) has 

larger losses than a solid wire having the same cross-sectioned area (see Fig. 

7.17). This agrees with the results obtained in [60].

4. If a stranded conductor (uninsulated strands, no core, proximity effects absent) 

is used, losses are similar for different strand sizes if the conductors have the 

same total cross-sectional area.

5. For the same number of strands (uninsulated strands, no core, proximity effects 

absent) but different cross-sectional axeas of conductors, the increase with fre­
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quency of the AC resistance of a conductor with thicker strands is larger than 

those having thinner strands (Fig. 7.17).

6. For example, for a 10y.H Litz-wire inductor with iron core, the resistance ratio 

is R & k H : / R d c  — 11-28: for a 100p/7 stranded-wire inductor with iron core one 

measures R&kH:/R d c  = 64.4: for a 17fiH  inductor wound with copper sheets 

R § k H ; / R d c  = 13.04; for a 100iiH (uninsulated) solid-wire inductor with iron 

core R&kH:/R d c  =  43: and for a 2m H  solid-wire inductor with iron core, one 

measures RskHz/R d c  = 2303.

7. Total losses of an inductor with solid wire (copper winding and iron core), 

at high frequencies, increase linearly with frequency: however, the increase is 

quadratic at low frequencies (see Figure 7.25).

8. The other stray losses P o s l  increase up to a certain frequency with an exponent 

of e=0.8. and then decrease with an exponent of e=0.9. The frequency where 

maximum losses occur depends, at a given frequency ,on the type of conductor 

material used.

As can be expected, Litz wire has much lower AC resistance at high frequencies 

(e.g., 6kHz), as compared with solid and stranded conductors (uninsulated and no 

symmetric transposition of individual strands). Comparing Figures 7.14, 7.18,and 7.25 

shows that the value of inductance does not change much with the frequency if Litz wires 

are used. Unfortunately. Litz wires are more expensive than solid-wire and stranded- 

conductor inductors. Hollow (tube shaped) conductors have also less skin effect than 

the solid and stranded wires [60]. However, they require a relatively large space for the 

winding.
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C H A P T E R  8

M E A S U R E M E N T  OF E D D Y -C U R R E N T  LOSS C O E FFIC IE N T  

P e c - r ,  D E R A T IN G  OF SIN G L E -P H A SE  T R A N S F O R M E R S , 

A N D  C O M P A R IS O N  W IT H  K -F A C T O R  A P P R O A C H

8.1 In tro d u ctio n

A power amplifier is now used to supply sinusoidal currents of different frequen­

cies for measuring eddy-current losses of a 25kVA single-phase transformer under short- 

circuit conditions. Measured data show that eddy-current loss increases with the square 

of frequency. The linear eddy-current loss coefficient { P E C - R i , ncar) is a^ 0 computed 

from the measured data. New measurement techniques are applied to determine the 

derating of single-phase transformers with full-wave diode and thyristor rectifier loads. 

The derating of transformers has been defined such that for the (apparent, real) power 

t r a n s f e r  of a transformer, the total losses axe identical to the rated losses at rated tem­

perature neglecting hot spot phenomena. A relation between apparent power, derating 

and K-factor is given, taking into account iron-core and stray-power losses. Measured 

derating values are compared with computed results, based on the eddy-current losses, 

iron-core losses, stray-power losses and K-factors. The non-linear eddy-current loss co­

efficient { P e c - R nonuntar) *s computed from the harmonics caused by diode/thyristor 

bridge loads.

Recent publications [64, 70] detail the separate measurement of the iron-core

| losses and copper losses of single-phase transformers under (non)sinusoidal load condi-
i
i
i
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tions. In order to make a contribution to the recommended practice for establishing 

transformer capability when supplying nonsinusoidal load currents, the K-factor ap­

proach [71, 72. 73] is here modified to improve the prediction of the derating [52] of 

single-phase transformers. In reference [74] the harmonic loss factor F ^ l  is employed 

- not the K-factor as defined in [71]. An objective of this chapter is to establish a re­

lationship between derating, K-factor and iron-core losses, and to measure P e c - r - An 

attempt is being made to define derating with respect to apparent power, nonsinusoidal 

current capability and real power output. The total, copper and iron-core losses will be 

separately measured, and the derating is determined from measurements for given THDi 

(total harmonic distortion of current) values, where the individual current harmonics 

can be adjusted within certain limits.

Prior work includes the measurement of the temperature due to current harmonics 

[75] for the same type of pole transformer as tested: the temperatures were monitored 

in [75] for T H D i  values (at the point of common coupling, PCC. between transformer 

and system) of less than 90%. It concludes that one has to derate the transformer 

tested, for a total harmonic distortion current of 40%, by about 3 to 12%. The asso­

ciated voltage harmonic distortions have not been reported, and the individual current 

harmonic components could not be independently adjusted. The work in [76] measures 

temperatures of the same type of pole transformer for a THDi of 110% based on two 

different measuring methods [74], and the paper arrives at derating values of 13% to 

39% depending upon the method used; no voltage distortions have been reported.

8.2 M easurem ent o f  Linear E ddy-current Loss C oefficient

Eddy-current loss occurring in a transformer winding for sinusoidal currents is 

approximately proportional to the square of the frequency. Stray losses in components 

other than windings are proportional to less than the square [74] of the frequency. The

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



13 4

total copper loss in a transformer winding is commonly given by [74]. [75], and [76] as

Pea = Pn + PEC = I 2RDC + I 2 R E c ( j ^  • (8-1)

where Pq is the ohmic loss due to the DC resistance R d c  =  R d c t 2 0 QV +  P'dC2 \qv- 

Pec  represents the eddy-current losses at frequency fh • I  is the rms current. R e c  is a-11 

additional resistance due to the eddy-currents at rated frequency / 1- Defining

R ac — =  R ° c  +  ^ EC R dc 1 + Pe c - r (pu ) (8 .2 )

one can measure the AC winding resistance R_\c as a function of the frequency fh 

by measuring the copper loss and the rms current, where Pe c - r Ip 11) is the per-unit 

winding eddy-current loss at rated (R) load and frequency, and is given by

R ec
Pec- r (P“ ) = R dc

(8.3)

The circuit for measuring the AC winding resistance at different frequencies is 

shown in Figure 8.1. where a signal generator provides sinusoidal signals of different

240 v
25 kVA. 7200/240 V 

transformer

isolation
transformer

primary 
7200 V

short
circuit

signal conditioning amplifiers

protection
circuit computer printer

A/D converter

Figure 8.1: Circuit for measuring eddy-current losses of single-phase transformers at 
different frequencies with power amplifier.

frequencies to a power amplifier, which in turn supplies power to the transformer under 

test.
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!

A 25kVA single-phase transformer (see [40]) is excited at the high-voltage winding

Figures 8.1 and 6.1. The copper loss and the rms current are recorded 2 times. The AC 

winding resistance is derived via the linear regression, and is computed from

The AC winding resistance values Rac? measured at average winding temperature 

of 9 w m d .a v g .ra t. — 69°C and ambient temperature of 0am6. = 25° C at different harmonic 

frequencies, are extrapolated to the rated average winding temperature of 82.37°C. 

They are listed in Table 8.1. and are graphed in Figure 8.2 as a function of the frequency 

for the range 0 to 780H z .

The average winding temperature was measured with the DC voltage drop 

method, and resistance values were extrapolated to the rated average winding tempera­

ture of 82.37°C. One of the chromel-alumel thermocouples measured the frame temper­

ature of the transformer, and the other one the ambient temperature. Unfortunately, no 

hot-spot measurements could be obtained because off-the-shelf-pole transformers were 

tested without any thermocouples inside the transformer structure.

The DC winding resistance has been measured in [40], and is R d c  =  R d c ~200V  +  

R 'd c 2 4 0 V  =  27.90 at rated average winding temperature of Q w in d .a v g .ra t. = 82.37°C. 

The per-unit winding eddy-current loss at rated load and frequency P e c - r (p u) can be 

derived from the measured data as shown in Figure 8.2 by use of linear regression. From 

Figure 8.2 (-1- symbols) one obtains

with the low-voltage winding short-circuited. Sensors and instruments are shown in

R ACh. = (8.4)
rmsavgh

where

rm savgh i~mshkavgh

with n=2.

(8.5)
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Table 8.1: Measured AC winding resistances at different frequencies with power ampli­
fier

h = h / f i Pcu (W) t Ih rm s  (A) R .\C {h )  ( ^ ) 1
1 423.99 3.59 34.35
2 413.03 3.50 35.20
3 411.27 3.46 35.86
4 331.49 3.04 37.45
5 253.84 2.61 38.90
6 198.00 2.27 40.11
7 147.82 1.92 41.86
8 100.19 1.54 44.11
9 90.04 1.43 45.97
10 97.28 1.43 49.66
11 87.32 1.32 52.31
13 73.07 1.12 60.81

T p  ~  p
*■ referred to high-voltage side.

in which R ec =  0.1511 =  0.005i?oc and ^E C -R u^r iP 11) = 0.00537. In Figure 8.2. 

at the frequency /  = 0 (i.e., DC), the R.\ch should be equal to R d c - During the 

measurements for R ac as a function of frequency, it has been found that at lower 

frequencies the exponent of { fh / f iY  is about e =  2. and at higher frequencies this 

exponent is less than 2. In order not to complicate matters, however, in Figure 8.2 a 

value of e =  2 has been assumed: this assumption is partly responsible for R dc = 27.9Q 

being less than R ac{f  =  0) = 34.5411 as obtained from Equation 8.5, and less than 

the 3011 found from Equation 8.6. This variation of the value of exponent e may be 

responsible for the assumption of ANSI/IEEE C57.110/D7-February 1998, that the 

stray losses vary with e =  0.8.

8.3 Simplified Measurement of Nonlinear, Eddy-current Loss
Coefficient

The experimental determination of R ac as a function of the factor h =  fh / f i  with 

a variable frequency source (phase-lock circuit and power amplifier) is not convenient 

for measurements in the field. For this reason, the circuit of Figure 6.1 is proposed,
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Figure 8.2: AC winding resistance as a function of square of frequencies from DC to 
780H z  (“o" symbols: method of Section 8.2 and ~-f" symbols: method of Section 8.3).

consisting of a voltage source Virrns = 2401 .̂ two back-to-back connected transformers 

and a nonlinear load, and where the frequency spectrum of the transformer current 

i i can be adjusted. Such a nonlinear load can consist of a few parallel connected 

diode/thyristor bridge-rectifiers. where the conduction angle of each individual bridge 

can be adjusted via the output capacitance Co and the output resistance Rq of the 

rectifier. As compared to the power amplifier measurement of Section 8.2. transformers 

operate at rated voltage in this present method. If a half-controlled thyristor bridge 

is employed, the firing angle a  can be selected between 5° and 175°. Sensors and 

instruments are given in Figure 6.1. Table 8.2 lists measured AC winding resistance 

values R.\ch at different frequencies and Figure 8.2 (“©” symbols) illustrates the values 

of R ec  and Psc-RiP11) for the 25 kVA single-phase transformer based on the simplified 

approach employing the average resistance values of Table 8.3. From Figure 8.2 ("©” 

symbols) one obtains

2
R.\Ch ~  30.0 4- 0

52 ( £ )  ■
(8 .6 )

wherein R ec  =  0.52ft = 0.02i2oc and PEC-Rnonu^ariP11) =  0.0186. These values 

approximately confirm those obtained from measurements employing a power amplifier.
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Table 8.2: Measured AC winding resistance at different frequencies with constant volt­
age source and nonlinear load and at about rated average winding temperature.

A — Zi 
n fi Pen'

(W)
f/irms
(A)

P.AC(h)X n fi Pen
(W)

Ifirms
(A)

P.AC(h)
(fi)

diode bridge diode bridge and thyristor bridge
1 318.94 94.27 32.29 3 30.38 28.77 33.03
1 319.89 94.4 32.31 3 26.41 27.62 31.16
1 305.41 92.2 32.33 3 32.12 28.42 35.78
1 304.73 92.11 32.33 3 27.76 26.98 34.33
1 275.8 87.6 32.34 3 30.37 28.02 34.82
1 270.29 87 32.14 3 36.74 30.26 36.12
1 266.6 87.02 31.69 3 19.02 24.19 29.27

diode bridge anc thyristor bridge diode aridge
1 314.52 91.26 33.99 5 22.39 23.07 37.87
1 303.68 89.39 34.20 5 22.46 22.99 38.25
1 288.26 87.67 33.75 5 16.84 19.78 38.73
1 264.04 85.26 32.69 5 17.29 20.01 38.87
1 240.59 79.61 34.16 5 25.26 24.38 38.25

diode bridge 5 24.23 23.48 39.56
3 71.76 45.17 31.66 5 25.8 23.85 40.82
3 71.55 45.36 31.30 diode bridge and thyristor bridge
3 92.20 51.14 31.73 5 45.47 29.48 47.09
3 93.89 51.43 31.94 5 40.01 28.34 44.83
3 114.70 56.86 31.93 5 32.82 26.08 43.42
3 114.26 55.98 32.8 5 32.86 25.59 45.16
3 114.26 55.98 32.82 5 106.79 47.06 43.40
3 112.96 56.09 32.32 7 35.63 24.89 51.73

7 34.02 24.32 51.76
7 37.82 24.04 58.90
7 34.34 22.79 59.50
7 10.73 12.58 61.00

^one transform er only, 
^referred to high-voltage side.

8.3.1 Comparison of P E C - R ltncar w ith P e c - r^ ^ ^

The method of Section 8.2. where a power amplifier is used, gives P E C - R Uncar =  

0.537%, and the method of Section 8.3 yields PEC-Rn0tllinear — 1.86%. Both methods 

cannot produce the same results, because in Section 8.2, low voltages (a  7% of rated 

voltage) are applied (harmonic voltages and zero fundamental), while in Section 8.3 

close rated voltages are applied (harmonic voltage and rated fundamental voltage). In
I
II

I
I
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the method of Section 8.2 the operating point on the B H  characteristic is at the origin, 

and in the method of Section 8.3 the operating point on the B H  characteristic is above 

or near the knee where saturation sets in. Therefore, the magnetizing and leakage induc­

tances are different for both cases: this means also the eddy-current distribution due to 

increased leakage fluxes under saturated operating conditions are increased, resulting in 

a different harmonic eddy-current loss coefficient P e c - r - PEC~ RnonUnrar- which reflects 

more accurately the actual harmonic load of a transformer and is. therefore, considered 

to be more accurate than PEC-Rimear-

8 .4  D eratin g  M easurem ents

According to [52], derating is defined as the intentional reduction of stress (e.g., 

temperature, mechanical core vibration) in the application of (nonlinear transformer) 

loads, usually for the purpose of reducing the occurrence of temperature-stress related 

failures, such as burnout or premature aging. It is well known [77] that voltage and 

current harmonics generate additional temperature rises which may lead to premature 

failures, and the rated lifetime of the apparatus may not be reached [78]. To prevent 

such a failure, the derating of a transformer is defined such that the rated temperature 

rise is not being exceeded -  even when supplying nonsinusoidal load currents. Provided 

the cooling conditions are not altered, the rated temperature rise calls for a limitation 

of the losses under nonsinusoidal load identical to the rated losses occurring at linear 

load. Therefore, the derating with respect to apparent powers is defined as

■ Sout Vlrms firms fo
deratings — ^ ^ 4  — yratedrrated '° '7'

J out 2 rms 2rms

where Vorms and ^rms are output rms voltage and current, which result in the generation 

of the rated total loss (iron-core and copper losses) within the apparatus.

Two identical 25kVA single-phase transformers are connected back-to-back with 

full-wave diode and thyristor rectifier loads, as shown in Figure 6.1. The back-to-back
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connection is employed so that transformer losses can be measured more accurately 

(with error < 5%) [40]. A computer-aided testing (CAT) program [64]. [70] is used, and 

all four signals (output voltage, current difference, voltage difference and input current) 

are calibrated under either linear resistive or nonlinear load conditions. First, rated loss 

is recorded when transformers supply rated output power to a linear resistive load at 

about rated average winding temperature. Then, the transformers are reconnected to 

supply power to full-wave diode and/or thyristor rectifier loads, as shown in [40]. All 

four signals are sampled at rated (total) loss, and measured data are listed in Tables of 

[40]. Additional data are presented in Tables 8.3, 8.4, and 8.5. In these the voltage

Table 8.3: Measured harmonic currents and voltages of two 25 kVA transformers con­
nected back-to-back with diode-bridge load at rated losses, and at about rated average 
winding temperature

h Vlh (V) hh  (A) Vih (V) hh  (A)
0 0.20 1.47 0.90 2.11
1 231.4 109.5* 232.8 103.5
2 1.61 1.16 0.86 0.4
3 3.81 12.28 6.03 27.26
4 0.46 0.38 0.58 1.01
5 5.18 10.53 4.56 14.11
6 0.57 0.92 0.27 0.57
7 3.84 4.90 1.72 5.47
8 0.49 0.05 0.17 0.45
9 1.04 2.17 1.10 2.72
11 1.04 0.98 0.40 1.05
13 1.28 0.77 1.00 0.80

THD (%)* 3.5 15.7 3.5 30.3
AT(49) (pu) - 1.70 - 2.37

j x ( t )  =  J2h= O . I . 2.3. •• >/2-Yh sin(hut + Ox).
1 At po in t of com m on coupling (PC C ) o f pole transfo rm er 
w ith d is trib u tio n  system .

and current harmonics of the input port of the two transformers are listed, including 

the T H D V, T H D i  and K-factor values up to /imax =  49 (see Equation 8.16).
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Table 8.4: Measured harmonic currents and voltages of two 25 kVA transformers con­
nected back-to-back with thyristor-bridge load at rated losses, and at about rated av­
erage winding temperature

h Vik (V) / ia (A) Via (V) hh  (A)
0 -2.88 0.67 -3.79 -0.34
1 230.0 109.9 229.7 103.4
2 2.03 1.78 1.54 0.66
3 0.32 6.34 2.0 21.48
4 0.85 0.15 0.38 1.34
5 2.58 5.71 3.85 12.48
6 0.68 0.09 0.67 0.71
7 2.05 4.56 1.12 5.80
8 0.44 0.08 0.12 0.67
9 1.26 3.31 1.32 2.20
11 1.38 2.54 1.06 3.15
13 1.48 1.83 2.45 2.85

THD (%) 2.9 10.2 3.9 25.5
K ^ 9) (pu) - 2.10 - 3.56

8.5 R ela tio n sh ip  B etw een  D era tin g , Iron-core L osses, Stray-pow er  

L osses, and K -factor

An accurate transformer derating calculation hinges on the knowledge of the eddy- 

current loss Pec  within the transformer windings, and the knowledge of the iron-core 

losses at nonlinear loads. In most cases these quantities are not known and must be 

estimated, which questions the validity of any derating calculation.

The total transformer losses are

Ploss = Pcu. +- Pfe  +  PoSL , (8-8)

where P o s l  stands for the other stray losses, Pcu is given by Equation 8.1 as

Pen = I 2 R d c  +  I 2 R e c  (8.9)

and the iron-core losses can be obtained from the analysis as described by Stensland 

[79], [80]

Pfe =  ^ 2  f y eh =  Pfel +  +  +  ^ f eA ~ l ‘ (8.10)
h

I
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Table 8.5: Measured harmonic currents and voltages of two 25 kVA transformers con­
nected back-to-back with diode-bridge and thyristor-bridge load at rated losses, and at 
about rated average winding temperature

h Vi* (V) hh  (A) Vi* (V) hh  (A)
0 -3.51 -0.10 -2.22 0.74
1 231.7 106.7 233.7 97.02
2 1.89 0.67 2.51 0.93
3 1.98 19.95 3.41 20.71
4 0.42 0.79 0.80 1.73
5 4.5 5.58 7.34 28.52
6 0.70 0.55 0.26 1.98
7 2.17 5.79 4.11 14.75
8 0.53 0.37 0.58 0.62
9 1.05 2.02 0.52 0.99
11 0.72 2.84 1.42 3.32
13 1.33 1.48 1.25 1.60

THD (%) 3.0 20.7 4.8 39.9
K (49) (pu) - 2.28 - 5.32

At rated sinusoidal load I  =  I r , f h  =  f i .  V  =  V r  and

PlossR =  I r R d C  +  I r R - E C - R  +  PfeR +  PoSLR • ( 8 .1 1 )

where the last term in this equation represents the other stray losses. At nonsinusoidal

loads (h =  1,2.3.4,5. • - • )

Ploss  =  X  f i R D C  +  X  ^ R e C - R  f  Y ’')  +  X ]  ^ f eh ‘l_ X  P o S L h -  ( 8 .1 2 )
h h \ n /  h  h

Note that asymmetric rectifiers generate also even harmonics. Losses under any 

(non)sinusoidal load (see Equation 8 .1 2 )  must not exceed the rated losses (see Equation 

8.11); therefore, with h =  (/* /f \)  and

Y ^ I 'h  =  +  +  +  +  ( 8 .1 3 )
h

X 7^ 2 =  / ? l 2 +  / f 2 2 +  / f 3 2 +  / ? 4 2 - l - - - -  ( 8 .1 4 )
h

follows

I r R d C  + I r R e C - R  +  PfeR +  PoSLR =  X ]  ^ R d C  +  X  I ^ R e C - R
h h

+  X !  P fe h  +  X !  PoSLh■ ( 8 .1 5 )
h h
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At the present time it appears that ANSI/IEEE C57.110-1986 has been updated 

to ANSI/IEEE C57.110/D7-Febru£iry 1998, and a new term, the harmonic loss factor 

Ff/x, has been defined. According to standards of the Underwriters Laboratory Inc.. 

the K-factor is defined as [71], [72], and [73]

K  =
i \

(8.16)

Now. one obtains from Equation 8.15

I r { R dC +  R e C - r ) +  PfeR +  PoS L -R  =  H h  IrR dC 

+  K I r R e C-R +  Hh Pfeh +  Hh PoSLh (8.17)

or

£  I 2hR Dc  = Ir  R d c  +  R e c - r (1 -  K) -  • (8-18)

where AP f e  =  Hh p f e h  ~  P f e R  and AP O S l  = H h p osLh ~ P o s l - r - The maximum 

amount of rms harmonic load current that the transformer can deliver is

/7»x __
i m a i

\ / l l  +  In 4"  3̂ +  '  '  '

I r

\

R d c  +  R e c - r ( 1 — K )  — hPfc+^PpSL
Ik

R d c
(8.19)

In Equation 8.19, the rated current I r  of the pole transformer is 3.472 A on the 

high-voltage side and 104.17 A on the low-voltage side. Equation 8.19 also indirectly 

reflects the dependency of the derating on the phase shift of the harmonic currents; these 

phase shifts can be such that the terminal voltage becomes either ” peaky” (peak-to-peak 

is maximum) or ’’flat” (peak-to-peak is minimum), which results (if the third harmonic 

is considered only) in either a "flat” or "peaky” flux density within the transformer 

core, respectively [80]. Note that, for the measurement technique applied, the other 

stray-power losses H a= i 2 3 • P o s L h  and P o s l r  are included in the measured iron-core 

losses H&=i 2 3 Pfeh and P /eft, respectively. Updated ANSI/IEEE standards [74] and
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[81] are using a relatively new term, the harmonic loss factor Fm,. This treatment of 

harmonics is somewhat different mathematically than the K-factor term which is used 

by Underwriters Laboratory. Inc. This new approach harmonizes the term with IEC 

and with the HVDC converter transformer standard of IEEE as well.

8.6 R ed u ction  in A pparent P ow er R a tin g  (R A P R )

The derating with respect to apparent power is defined by Equation 8.7. The 

reduction in apparent power rating can be defined by

o r a te d  __ q n o n l in e a r  
'- 'o u t '-'ou tRAPR = C ra te d  

^ o u t
• 100% (8.20)

where

ra te d5ra te d    r / r a te d  rr a te d  . p
out 2 r m s  2 r m s  M o ss

r n o n l in e a r  r n o n lin e a r  
' 2r m s  2 rm s

ra te d5n o n lin e a r    x /n o n h n e a r  rn o n lin e a r  .  p;
o u t — v 2r m s  2 rm s a  M o ss

(8 .2 1 )

(8 .22 )

For K£™j"lear > follows I?™“near < and with

rn o n lin e a r  
rpu   2 rm s _____

* m  n r* “

one obtains from Equation 8.20

RAPR  =  1 -

rr a te d
2 rm s

V-n o n lin e a r  
2 r m s

(8.23)

_  .
\ r r a te d  m a x  

2 rm s
(8.24)

Table 8.6 presents the data required for the computation of Imax and the reduction in 

apparent power rating (RAPR). In general, the measurement of P / eR occurs at the volt­

age VpfcR while that of 1,2,3,- ^ I eh ta^es place at voltage V£A=l 2 3 These voltages 

are not identical, and therefore, the iron-core losses P/eR and /i= 1,2,3, -. Pfeh must be 

referred to the same induced voltage within the transformer through interpolation; the 

iron-core losses of Tables listed in [40] can be used. The stray-power losses originating in 

the steel frame are included in these measured iron-core losses. Figure 8.3 illustrates the
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Table 8.6: Calculated derating (Imax) and reduction in apparent power rating of one 
25 kVA transformer with diode-bridge load at rated losses and at about rated average 
winding temperature

diode-bridge
load

thyristor-bridge
load

combined diode- and 
thyristor-bridge load

T H D vl (%) 3.5 3.5 5.4 2.9 3.9 7.3 3.0 4.8 6.8
T H D n  (%) 15.7 30.3 70.9 10.2 25.5 92.2 20.7 39.9 70.0

(pu) 1.70 2.37 4.95 2.10 3.56 9.11 2.28 5.32 9.68
Z T - . Pfeh (W) 46.75 49.4 55.4 46.6 47.3 57.0 47.2 50.4 55.6
PfeR (W) 45.5 46.5 49.5 44.5 44 49 46.1 46.5 48
AP/e (W) 1.25 2.85 5.91 2.05 3.25 7.94 1.2 3.90 7.55
I r  (A) 3.47 3.47 3.47 3.47 3.47 3.47 3.47 3.47 3.47
R-DCrat1 (^) 27.9 27.9 27.9 27.9 27.9 27.9 27.9 27.9 27.9
R e c - r x (£1) 0.52 0.52 0.52 0.52 0.52 0.52 0.52 0.52 0.52
A P o s l 1 (W) 0 0 0 0 0 0 0 0 0
ISZx (Eq. 8.19) 0.99 0.98 0.95 0.99 0.97 0.91 0.98 0.95 0.90
R A P R  (Eq. 8.24) 0.03 0.04 0.07 0.03 0.05 0.11 0.04 0.07 0.12
^at ra te d  average winding te m p era tu re  Owxnd.avg.rat =  82.37°C. 
* inc luded  in A  Pfe.

derating measurements as obtained in [40] and the values as calculated from Equation 

8.19 via the K-factor. The latter approach represents the worst case because it neglects 

the increase of the apparent power due to voltage harmonics and the resulting decrease 

of the required rms terminal current 7*2r m s n o n l in e a r  ^  I 2 r m s i in e a r  ^  maintaining rated 

output apparent power. However, one can state that, for T H D i  < 90%, the derating 

is surprisingly small, and Equation 8.19 can be considered a worst case approximation. 

Figure 8.3 illustrates that for the same T H D q but different harmonic current spectra 

(see Tables 8.3, 8.4, and 8.5), the derating may be different. From these tables one can 

obtain per-unit voltage and current values if one divides all voltages (harmonics and 

fundamental) by 240 V. and all currents (harmonics and fundamental) by 104.17 A.

8 .7  D iscussion  and C on clu sion s

Measurements show that eddy-current losses of a 25 kVA single-phase transformer 

with a wound core and an aluminum secondary winding (consisting of sheets) are pro­

portional to the frequency with a power of 2. From a Unear regression analysis, the per
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t h y r i s t o r  b r id g e  w ith o u t c a p a c i to r  ( m e a s u r e d )

t h y r i s t o r  b r id g e  w ith  c a p a c i to r  (m e a s u r e d )  

d io d e  b r id g e  ( m e a s u re d )  CH

d io d e + th y r i s to r  b rid g e  (m e a s u re d )

c o m p u te d  f ro m  K—fa c to r

OS
cu
<
0 5

10060 8 00 2 0 40
THD. (%)

Figure 8.3: Reduction in apparent power rating ( R A P R )  of 25kVA transformer as 
a function of total harmonic current distortion (T H D i  J  where 3rd and 5th current 
harmonics are dominant.

unit eddy-current loss P e c - ft(pu) has been identified. This measuring method takes 

into account skin and proximity effects within the transformer windings. A simplified 

measurement of eddy-current losses within transformer windings, and the identifica­

tion of P e c —̂nonlinear [P l̂ =  R e c  I R d c  has been described and used. The derating of 

transformers in terms of apparent power is defined, and a relationship between der­

ating, reduction in apparent power rating ( R A P R ) ,  K-factor. and measured iron-core 

losses Ylh P / e / i  (which include the stray-power losses Ylh R o s l h )  is formulated. Exam-

ii
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pies demonstrate the usefulness of this derating calculation, and is confirmed in [40] by 

measurements. For example, one concludes that for THDi a^d T H D V values of 20% 

and 3%, respectively, the reduction in apparent power rating of a 25kVA single-phase 

transformer is small and in the range of 2.5%. The findings approximately agree with 

those of [75] and [76]. The difference is that in this paper the total losses are measured 

with an error of less than ±5%. while in the above mentioned two papers temperature 

was monitored. It is fair to say that the results based on measured losses are more 

accurate than those of [75] and [76].

The derating of transformers depends on the following conditions:

1. phase shift of current and voltage harmonics.

2. output DC filter capacitance (Co) of rectifiers.

3. temperature of transformer, and

4. rms value of terminal voltage.

iI
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C H A P T E R  9

M E A S U R E D  T R A N S F O R M E R  D E R A T IN G  A N D  C O M P A R IS O N  

W IT H  H A R M O N IC  LO SS F A C T O R  (F HL) A P P R O A C H

9.1 In trod u ction

The eddy-current loss coefficient of a transformer can be determined by using the 

harmonic amplitudes of input current and the corresponding harmonic copper losses, 

when the transformer supplies nonlinear loads. Measured data show that eddy-current 

loss is a linear function of frequency, with a power of 2. Apparent power (kVA) derating 

of single-phase transformers, operating with nonsinusoidal currents and voltages, is mea­

sured by adjusting the total losses to the rated losses at rated temperature. Computed 

results of derating using the harmonic loss factor (F h l )• eddy-current loss coefficient 

P e c - R n o n l i n e a r -  and iron-core losses match well with measured data. However, the real 

power derating of a transformer is much greater than the apparent power derating for a 

given T H D i  value, and it is independent of the frequency spectra of the harmonics. Ex­

periments show that the other stray power losses ( P o s l )  in nearby conductive elements 

are proportional to the power of 0.8 at low frequencies, and inversely proportional to 

the power of 0.9 at high frequencies.

A computer aided measurement circuit of Chapter 8 is used to separately mea­

sure the copper and iron-core losses under any (non)linear load conditions. A 25kVA 

7200V/240V transformer is operated at different T H D i  values of input current rang- 

1 ing from 10% to 95% at rated temperature. Rated losses are determined by switching

i

!
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to a  linear load before or after a nonlinear load operation. In this way the effect of 

temperature variations is eliminated.

9 .2 D efin itio n  o f  F h l

Harmonic loss factor ( F h l )  is defined in IEEE C57.110/D7-February 1998 [74] as

(9.1)p  _ PEC _ Y.h= I
Fh l - ^ T o -  - f S i

h-hma* {2^2
max T Zlh.

where:

P e c  — total eddy-current losses due to harmonics,

P e c - o  =  eddy-current losses at power frequency

as if no harmonic currents existed,

Ih =  actual rms values of harmonic currents

h =  harmonic order.

Per-unit current values can also be used in Eq. 9.1 by dividing the numerator and 

denominator by the total rms current. The harmonic loss factor is different from the 

K-factor definition of UL 1561 [71], and the relationship between these two definitions 

is given by

Er n=n, 
h=iK-factor =

>/l—hmax r‘2  I u
F h l  ■ (9.2)

where I  ft is the rated rms load current. The numerical value of the K-factor is equal to 

the numerical value of F h l  when the rms value of the load current is equal to the rated 

load current of a  transformer.

9 .3  R ela tion sh ip  B etw een  D era tin g , Iron-C ore Losses, S tray-

P ow er L osses, and FHl

When a transformer is operated under nonsinusoidal voltages and currents, the 

nameplate value of the output power must be reduced so that the rated temperature
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of the transformer is not exceeded (neglecting hot-spot temperatures). This can be 

achieved by limiting the total losses of the transformer at any nonlinear load to the 

rated losses at sinusoidal currents and voltages.

Table 9.1 and 9.2 list the per-unit quantities of harmonic input voltage and current 

values at the low-voltage side for various nonlinear loads. Even though only harmonic 

values up to 13^ are given, a total of 49 harmonics are used when computing THDi 

and F r l -  Following the procedure in Chapter 8 and using harmonic loss factor ( F h l )  

of Eq. 9.1, one obtains from Equation 8.15

I 2RRDC  +  I r R e C - R  +  PfeR  +  POSL-R  =  5 3 / i  ^ R dC

+ FhL 53/i IhREC-R +  5 3 / i  Pfeh + 5 3 / 1  PoSLh • (9-3)

where subscript R  represents the rated linear load operation, and P f e R  and P o s l - r  are 

the rated iron-core and stray power losses, respectively. Then

5 3 / i  % ( R d c  +  F h l R e c - r ) =

4  ( r d c  +  R e c - r  ~  AP/*+f ) . (9.4)

where A Pfe = ^2h Pfefl -  PfeR and A P o s l  = 5 3 / i  PosLh ~ P o s l - r - It follows that the

maximum output current of the transformer is

\ J  i f  +  i ' j  +  i l  +  - • •rpu _  
m a x

I r

\

R d c  +  R e c - r  —  ^ P fe  ? P o sL
(9.5)

R d c  +  F h l R e c - r

where I r  is the rated current of the transformer and all quantities are referred to high- 

voltage side (current and resistance values), and R e c - r  =  R e c - R n o n lin e a r  is the slope 

of the line in Figure 8.2.

9.4 Reduction in Apparent Power Rating (RAPR) and Reed Power 
Capability (RPC)

Table 9.3 presents the data for computing R A P R .  Three different T H D i  values
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Table 9.1: Measured harmonic currents and voltages (per unit of rms values) of two 25 
kVA transformers connected back-to-back at rated losses.

diode-bridge load
h Vih [pu] hh  [pu] Vu [pu] hh  [pu]
0 0.0023 0.0115 -0.0034 0.0044
1 0.9990 0.8779T 0.9985 0.8171
2 0.0057 0.0143 0.0104 0.0182
3 0.0401 0.4218 0.0476 0.5276
4 0.0021 0.0170 0.0038 0.0188
5 0.0119 0.2138 0.0189 0.2205
6 0.0023 0.0101 0.0036 0.0088
7 0.0021 0.0666 0.0048 0.0656
8 0.0017 0.0039 0.0021 0.0019
9 0.0052 0.0159 0.0026 0.0022
11 0.0048 0.0076 0.0058 0.0085
13 0.0017 0.0057 0.0042 0.0044
RMS values 233.70 V 107.52 A 236.12 V 106.48 A
Ttf£>(49) [%] 4.34 54.52 1 5.38 70.54

Ffrr LPU] - 3.82 - 4.66
thyristor-bridge load

h Via [pu] hh  [pu] Via [pu] hh  [pu]
0 -0.0088 0.0049 -0.0175 -0.0124
1 0.9976 0.8349 0.9975 0.7294
2 0.0110 0.0048 0.0097 0.0267
3 0.0398 0.4948 0.0346_ 0.5702
4 0.0071 1 0.0108 1 0.0042 0.0310
5 0.0342 0.1803 0.0459 0.3392
6 0.0025 0.0229 0.0051 0.0423
7 0.0166 0.1244 0.0073 0.1192
8 0.0039 1 0.0201 0.0045 0.0369
9 0.0126 0.0531 0.0092 0.0423
11 0.0079 0.0459 0.0097 0.0500
13 0.0090 0.0236 0.0055 0.0159
RMS values 232.64 V 103.94 A l 235.42 V 101.94 A
t h d w  [%] 6.91 65.89 7.01 93.74

Fr V  [pu] - 7.38 - 10.36
M t )  =  Hh=o. 1.2 . -  sia{hujt -1- <t>x).

i
i1
ii
i
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Table 9.2: Measured harmonic currents and voltages (per unit of rms values) of two 25 
kVA transformers connected back-to-back with diode-bridge and thyristor-bridge load 
at rated losses.

h V\h [pu] hh  [pu] V\h [pu] hh  [pu]
0 -0.0118 0.0076 -0.0174 -0.0042
1 0.9981 0.8807 0.9977 0.8151
2 0.0092 0.0301 0.0054 0.0271
3 0.0190 0.2824 0.0223 0.2719
4 0.0059 0.0304 0.0009 0.0241
5 0.0269 0.2688 0.0412 0.4816
6 0.0023 0.0464 0.0038 0.0401
7 0.0245 0.2319 0.0228 0.1297
8 0.0058 0.0242 0.0041 0.0316
9 0.0128 0.0695 0.0068 0.0380
11 0.0059 0.0488 0.0098 0.0337
13 0.0121 0.0472 0.0150 0.0477
RMS values 236.21 V 99.20 A 235.16 V 100.28 A
T H D ^  [%] 6.06 53.72 6.73 71.03
f h l  [pu] - 9.93 - 11.46

are chosen for each of three different loads. Although the TH D i  values are similar, the

frequency spectrum is different for each type of load, e.g., h  > h  or 1 $ > I3 .

Today's transformers are highly efficient and they operate at or above the knee

point of the magnetization curve. Therefore, any variations in the input voltage will

directly affect the iron-core losses of the transformer and, indirectly, the copper losses.

The rms values of the input voltages given in Table 9.3 are voltages at particular load

conditions, (i.e., THDi value): the rated iron-core losses (F /efl) are measured at similar

input voltage rms values with linear loads. The other stray power losses are included

in the iron-core losses; therefore, their values are taken as zero in Equation 9.5.

Computed values of R A P R  are compared with the measured values in Figure

9.1. Measured data reflect three different frequency spectra: I3  > I5  relates to symbols

~x” and “o”, while /5 > I3  pertains to diode- and thyristor-bridge operation (“+ ”

symbols). R A P R  is larger when the 5th harmonic is dominant.

represent thyristor-bridge operation without an output capacitor

i1
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Table 9.3: Calculated derating Imax(pu) and reduction in apparent power rating
(RAPR)  of one 25kVA transformer at rated losses.

C
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compared to uo” symbols where a capacitor is present. The effect of this capacitor on 

the RAPR is clearly seen in Figure 9.1: the apparent power reduction is larger without 

a capacitor. This can be explained by the fact that output capacitors increase the 

input voltage because of supplied reactive power; this requires a reduced load current 

for producing rated output apparent power of the transformer, and therefore, results in
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thyristor bridge w ithout capacitor (m easured)

thyristor bridge with capacitor (m easured)

diode -i- thyristor bridge (m easured)

com puted from

OS
cu
<
OS

8 0 100200 4 0 60
T H D . (% )

Figure 9.1: Reduction of apparent power rating of 25kVA transformer as a function of 
total harmonic current distortion { T H D i ) .

reduced copper losses.

The capacitors at the output of the rectifiers introduce a leading phase shift of 

the primary current of the transformer, thus reducing the real power capability of the 

25kV A  transformer. RPC is defined as

where

R P C  =

49

"out
crated : 

out
(9.6)

Pout — ^  ] P /il/i COS (f>h ,
A=0,l,2,-
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S rol\ed = ( VrTns I  rm s ) rated =  25  kV  A  -

Figure 9.2 illustrates the RPC as a function of T H D i  values for different types of loads 

where the operating points are similar to those of Table 9.3. It is evident from Figure 9.2

1.2

1.0

—  0.8  3 
Cu
. 0.6 

o  
o,
05 0 .4

O  diode bridge

-+• thyristor bridge with capacitor
0.2

□  diode + thyristor bridge
0.0

100806040200
THDp (%)

Figure 9.2: Real power capability ( R P C )  as a function of total harmonic current dis­
tortion ( T H D i ) .

that the RPC is independent of the frequency spectrum of the harmonics but changes 

with the total harmonic distortion of the current.

9.5 O th er S tray  Pow er Losses (P q s l )

Time-varying fluxes in transformers and inductors induce eddy currents in nearby 

conductive parts, e.g., enclosures and clamps. These currents produce other stray losses 

because of the finite resistivity of the conductive parts.

The losses of an air-core inductor, Pioss. (inductor #9  of Appendix B), where 

there are no metallic parts in the close proximity, are measured using a computer-aided 

measurement circuit similar to the one described in Chapter 7. Sinusoidal voltages 

of different frequencies are applied to the inductor, and the total power losses at each 

frequency is computed from the sampled voltage and current wave forms of the inductor.
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Then, total losses of the same inductor with a U-shaped nonmagnetic steel member 

adjacent to it. Pf£fs. are measured. Note that the measurement circuits used for both 

above experiments are the same. Even though the absolute error of the total losses may 

be large (±10%), the relative error of the difference P o s l  = Ptoss ~  ̂ loss *s small (±1%).

Figure 9.3 shows the power losses of the inductor in two different configurations. 

As the frequency increases, the difference between these two loss components becomes

3 .0

□  w i t h o u t  n e a r b y  m e t a l2 .5

O w i t h  n e a r b y  n o n m a g n e t i c  

s t e e l  m e m b e r
2.0

1.50)ao
cu

0 .5

0.0 t  
0 2510 15 205

( f  /  f  )
v h '  V

Figure 9.3: Total power losses of an inductor with and without a metallic part nearby 
at a current of 5A.

small. Any conductive material in proximity of the inductor, even if it is nonmagnetic 

(fiT s: 1), will affect the value of the inductance. This is due to the reduction of 

the field of the inductor by an opposing field created by the eddy currents flowing in 

nearby conductive parts. Ideally, the inductance values should remain the same with 

and without an enclosure for comparing the power losses. In reality, they do not. The 

AC resistance of the nonmagnetic steel member is given in Figure 9.4, along with the 

inductance values. At low frequencies, the induced eddy currents are low, and therefore 

the change in the inductance is small, while the difference in the inductance is increasing

] at higher frequencies. The AC resistance reaches a maximum value at around 420Hz,
I
ii
IIi!
I
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Figure 9.4: AC resistance of nonmagnetic steel and inductance values.

and then decreases with increased frequency because the electromagnetic fields penetrate 

less into the non-magnetic steel at high frequencies.

To find the change of the other stray losses with frequency, a linear regression 

analysis is applied to the data of Fig. 9.4. The results are shown in Fig. 9.5. where the 

formula for the two different linear approximations - one at low frequency (0 to 360Hz)

ad- I ■ 6 Arm*

10

a
a

O<
Q£

5 1 50 10

Figure 9.5: Change of AC resistance with frequency.

i
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and one for the high frequency (420Hz to 1200Hz)  -  are given as

Rf{c  = l . 2 9 ^  [mfi] (9.7)

R */c  = 9.29 -  0.58 ^ j ^ j  [mfi] (9.8)

where superscripts ~lf~ and ~hf~ represent low and high frequency, respectively. One 

concludes from Figure 9.5 that the stray power losses increase with the power of 0.8 (at 

low frequency), and decrease with power of 0.9 at high frequency. These results confirm 

the data given in [74].

9.6 D iscu ssio n  and C on clu sion s

The eddy-current loss coefficient of a single-phase transformer can be determined 

from real-time measurement data, and it has been shown that eddy-current losses in­

crease with the square of frequency. The apparent power derating of transformers in 

terms of the harmonic loss factor (Fhl) ,  iron-core losses, and other stray losses (P o s l ) 

is computed, and the results are compared with measured data. Figure 9.1 shows that 

the apparent power derating is about 7% for a T H D i  of about 90%. The apparent 

power derating depends on the type of load connected to the transformer, because cer­

tain loads increase the input voltage resulting in a current which is less than its rated 

value. Since the copper losses are the major part of the total losses of a transformer, 

the derating will be smaller for increased input voltages. Comparing Figure 9.1 with 

the Figure 8.3, where the K-Factor approach is used, gives

R A P R k - factor R A P R p HL.

The K-Factor approach is a somewhat more conservative approximation to the apparent 

power derating than the harmonic loss factor (Fh l ) approach, considering the fact that 

derating values are computed for the worst case, because the variation of input voltage

; is neglected.
i
i

i

i
!
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Unlike the apparent power derating, the real power capability (R p c ) of the trans­

former is more severe: for example, R P C  equals to about 0.5 pu at a T H D i  of about 

90%: that is. transformer can only supply 50% of its rated real power output (12.5kW). 

This reduction is due to a phase shift between the voltage and current created by the 

output capacitors of rectifiers. Since this phase shift is positive (leading), the power fac­

tor cannot be improved by adding power factor correction capacitors at the transformer 

terminals. Moreover, the R A P R  is affected by the frequency spectra of the harmonics, 

while R P C  is practically independent of the frequency spectra.

The other stray losses change with a power of frequency less than 1. Reference

[74] comes to a similar conclusion where it reads “• • • eddy current losses in bus bars, 

connections and structural parts increase by a harmonic exponent factor of 0.8 or less". 

This may imply that the P o s l  always increases with frequency with a power of 0.8. 

However, Figure 9.4 shows that P o s l  increases up to a certain frequency with an ex­

ponent of 0.8. and then decreases with an exponent of 0.9 as frequency increases. The 

frequency where maximum losses occur depends on the type of material is used [82] at 

a given frequency. It has been shown in [82] that for a given frequency nonmagnetic 

steel has the highest losses.
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C O N C L U SIO N S

A direct drive train for a wind power plant without any mechanical gear, operating 

at variable speeds (60-l20rpm) can extract more power from wind than a constant speed 

drive. Any voltage fluctuations (300-600V c - l  ) on the generator side as the wind velocity 

changes will permit the drive train to remain on-line, because the rectifier maintains a 

constant DC link voltage (360V d c )- The real and reactive powers delivered to the utility 

system are adjustable by changing the amplitude and phase angle of the reference current 

signals of the inverter. Therefore, leading, lagging, and unity currents (with respect to 

voltage) can be supplied. However, higher DC voltages (about Vdc = 150VDC)  are 

required to supply lagging currents as compared to the operation with leading currents 

(Vqc = 350VDC).  Since the input voltage to the inverter is fixed by the rectifier at 

around Vdc =  360VDC.  this drive train can deliver power to the utility system at unity 

or leading power factors only.

The losses of inductors as a function of frequency (0 to 6kHz)  have been measured 

using two different approaches (computer-aided and three-voltmeter methods). Errors 

of both methods are less than 10% when measuring a fraction of one watt. It has been 

found that inductors wound with Litz wires have the lowest losses and the value of the 

inductance reduces slightly with the frequency. A stranded straight wire, where the 

individual strands are not insulated and proximity effects due to a wound coil do not 

exist, has larger losses than a solid straight wire if both wires have the same cross­
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sectional area. This is due to an effect called “spirality effect” caused by the stranding.

Existing formulations of the distortion power D have been reviewed as a function 

of voltage and current harmonic amplitudes and phase angles. The correct double 

trigonometric sum for the definition of D , given by Equation 6.22, is not similar to 

(with respect to the indices of the double sum) existing formulations which are not quite 

correct, neither from a numerical nor a physical point of view, due to the involvement 

of like voltage and current components in D. Experimental results agree well with the 

results obtained by using individual voltage and current harmonics. If distortion power 

exists in a system, it increases the rms current and as a result additional losses are 

produced: usual compensation techniques cannot be applied to reduce the distortion 

power in a system. Any compensation must be based either on filtering of harmonics 

or injecting harmonics to the power system.

The derating of a single-phase transformer in the presence of nonsinusoidal volt­

ages and currents is measured using a computer-aided testing circuit. Measured results 

are compared with results obtained by using /f-factor and Fhl~factor approaches. It 

has been found that the Af-factor (favored by UL) derating is somewhat larger than 

that of Fax-factor (favored by IEEE) derating as applied to a 25k V A  transformer. Ca­

pacitors connected across the DC side of rectifiers have an influence on the derating 

of transformers since they increase the input voltage and decrease the required input 

current of an apparent power rated transformer resulting in less severe derating val­

ues. The other stray losses in enclosures, clamps and nearby conductive regions due to 

changing fluxes have a maximum value at a certain frequency, depending on the type 

of material used. Up to this frequency, losses increase with a power of 0.8 of frequency 

( fh / f i )0'8. and further increase of the frequency results in a decrease of the losses with 

a power of 0.9 of frequency ( f h / f  i)0'9-
!

i
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10.1 C o n tr ib u tio n  o f  th is  T hesis

• The experimental testing of the rectifier and the PWM inverter which are com­

ponents of a 30 kVA variable-speed, direct-drive wind power plant and the 

operation of the entire drive system, that is synchronous generator, rectifier 

and inverter connected to the utility system, are presented.

• The 20k W  zero-current-switch (ZCS) rectifier employs one switching transistor 

to control the output voltage to be nearly constant for variable input voltage and 

variable frequency. Such a large rating ZCS rectifier has not yet been designed 

and built.

• Reactive-power controllability of the inverter was studied. It has been found 

that for a given DC input voltage, leading and unity-power factor operations are 

easily obtained, but for lagging power factor operations the DC input voltage 

must be increased substantially.

• For a given DC input voltage, the AC output voltage of the inverter can be 

increased by operating the inverter in overmodulation mode (m > 1.0). This 

overmodulation is achieved by introducing, for all operating conditions, an addi­

tional lagging phase shift between the reference currents and the (actual) output 

currents of the inverter.

• An accurate measurement of frequency-dependent losses of inductors by use 

of two different methods are presented. The results obtained from the two 

measurements agree well with each other, and each method can measure a 

fraction of a watt with a maximum error of less than 10% over a large frequency 

range (0-6kHz).

• A transverse-flux type permanent magnet machine is investigated for applica­

tions to high-power wind generation because of its light weight compared to
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those of conventional longitudinal-type generators.

10.2 Further W ork

Generation of electricity from wind has been increasing steadily (about 10%) 

with the installation of new wind farms each year. However, installed capacity of wind 

farms is still low (7GW) compared to the total installed (700GW)  power capacity in 

the United States. Wind farms consist of a great number (typically hundreds) of small 

(lOOfcW to I MW)  wind turbines operating at constant speed (30rpm). Use of variable 

speed enables the wind turbine to operate more energy-efficient at different wind speeds: 

therefore, somewhat more energy can be extracted from the wind. It is desirable to 

increase the power rating of an individual wind turbine so that larger amounts of power 

can be generated by one unit. One of the problems associated with increasing power of 

one unit is the increase of weight (generator and gear box) on the tower.

• This problem may partially be solved by employing a transverse-flux type gen­

erator which offers a light weight for high torques at low speeds, therefore, more 

work should be done to completely study the transversal-flux type machines for 

such an application.

• Since the variable-speed type system employs expensive power semiconductor 

devices, a cost analysis should be performed to determine the effectiveness of 

this type of drive system and rectifier; inverter and machine efficiencies should 

be in the range from 98 to 96%.

• High-efficiency converter (rectifier/inverter) losses should be measured with 

small maximum errors (3%).

i
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A P P E N D IX  A

SA M P L IN G  A N D  D A T A  A C Q U IS IT IO N /A N A L Y S IS  OF  

IN D U C T O R  LOSS M E A S U R E M E N T S

A .l P roced u re

The two channels CHO and CHI of the A/D converter (DAS50/4) are used to 

sample the current and voltage wave forms, respectively. CHO is also triggering the 

A/D converter. DAS50/4 will start collecting data when the wave form in CHO has a 

negative zero crossing. In this measurement the voltage wave form is used for triggering.

Before starting sampling, the driver file for the DAS50/4 must be loaded by typing 

LDD at the DOS prompt. The content of the batch file LDD.BAT  is given below. This 

should be done only once after the computer is turned on the first time. The BASIC 

sampling program listed in Section A.2 can be run by typing gwbasic twochb.bas at the 

DOS prompt. It plots the sampled wave forms on the screen and then writes the values 

to a file called ch2.dat.

After determining the calibration constants for each channel, the FORTRAN 

program (2chd.f) in Section A.3 can be executed to determine the Fourier coefficients 

of each wave form. The calibration file ch2cal.dat and the output file of the FORTRAN 

program for one case are given in Section A.4. The total computing time of the program 

up to the 102nd harmonic (6,120Hz) on a Sun/Sparc workstation is about 50 seconds.
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cd \sy s
Is  c : \ s y s \v i .s y s  
Is  c : \ s y s \v i .s y s  
Is  c :\sy s \d a s5 0 d rv .sy s  
cd \das50

i
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A .2 Sam pling P rogram  for T w o-C h an n el A /D  C onverter

twochb.bas

10 ’ —  Name of the program : twochb.bas 
20  ’  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

30 ’This program will read 15,008 samples at 900kHz to get one 
40 ’fundamental period of a 60 Hz wave. It is for two channel.
50 ’This program also can send data to a file called CH2.DAT. 
g 0  ‘ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

70 KEY OFF : CLS : COLOR 7,0 
80 NS = 15002 ’ Number of samples 
90 DIM A*/. (20000)
100 
110 
120 
130 
140 
150 
160 
170 
175 
177 
180 
185 
190 
200 
210 
220 
225 
230 
235 
240 
250
254
255 
260 
270 
280 
281 
282 
283 
290 
300 
310 
320 
330
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’ Step 1 —  This sets up the DAS50 and reads in Data--
OPEN "$DAS50" FOR OUTPUT AS #1
PRINT #1, "CLEAR" ’ Just clearing for setup
OPEN "$DAS50" FOR INPUT AS #2
J

PRINT "Ready to Aquire Data. Strike any Key to Continue."
IF INKEY$="" GOTO 160
PRINT #1, "SAmples 15008 RATE INT 9E5 ch 1&2 +-10v tm 8 ACquire" 
PRINT "Continue?"
IF INKEY$="" GOTO 177 
PRINT #1,"Set ADdress 0"
’  Get NS points to variable A7
PRINT #1, "transfer " ;-l ;VARPTR(A7.(0) ) ;NS
’ Step 2 —  This will plot the data-------
SCREEN 2
’ Plot data in array A7.() . Normalize data +-2048 and +-85 
GQSUB 300 ’Print reference lines on screen 
FOR 17. = 0 TO NS-1 STEP 2
PSETC (I7.+1)/23.4375 ! ,85 !-( (A7.CI7.+1)*85!)/2048!))
PSETCI7./23.4375! , 85 ! - ( (A7. (17.) *85 ! ) /2048! ) )
NEXT 17.
’--- Step 3 —  Subroutine at 400 will send data to file -
GO SUB 400 ’Interpolate data and send to datafile.
LOCATE 23,1:PRINT " Strike any key to continue";
IF INKEY$="" GOTO 270 
SCREEN 0 : CLS : LOCATE 10,1
’----Step 4 —  Ask user if measurements are to be repeated-
INPUT "End Program" ;A$
IF (A$="Y" OR A$="y") THEN END 
GOTO 150
LINE (0,170)-(0,0) ’-----This subroutine will put reference
LINE (0,0)-(640,0) ’---- Lines on the screen.
LINE (0,170)-(640,170)
LINE (639,0)-(639,170)



173

340 FOR IX = 0 TO 640 STEP 10 
350 LINE (iy.,85)-(I7.+3,85)
360 LINE (r/.,127 .5)-Cr/.+2 , 127 .5)
370 LINE (17.>42.5)-(IX+2,42.5)
380 NEXT IX 
390 RETURN 
400 LOCATE 23,1
405 INPUT "Send data to an output file";A$ 
410 IF (A$<>"Y" AND A$o"y") GOTO 860 
420 FOR IX = 0 TO NS-2 STEP 2 
430 AX(IX) = (AXClX)+AXCIX+2))/2.0!
450 NEXT IX
460 ’Write data to data file 
470 OPEN "CH2.DAT" FOR OUTPUT AS #3 
480 FOR IX = 0 TO 14999 STEP 10 
490 PRINT #3,USING"##. ######“ “

'Beginning of subroutine 
'that will
’send data to a file 
’if desired after it 
’interpolates the data.

500 NEXT IX
510 FOR IX = 1 TO 14999 STEP 10 
520 PRINT #3,USING"##.######--

";AXCIX).AXCIX+2).AXCIX+4) , 
AXCIX+6),AX(lX+8)

";AXCIX).AXCIX+2).AXCIX+4), 
AXCIX+6).AXCIX+8)

530 NEXT IX 
800 CLOSE #3
810 ’OPEN "CH2.QPR" FOR OUTPUT AS #4 
820 ’FOR IX = 0 TO 14999 STEP 14
830 ’PRINT #4,USING"##.####--- ";AX(IX)*0.1942705!,

AXCIX+1)*0.012159097!*50!
840 ’NEXT IX 
850 ’CLOSE #4 
860 RETURN
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A.3 D a ta  A n a ly sis  P rogram

2chd.f

c last modified: Wed Mar 25 14:52:45 MST 1998
c name of the program : 2chd.f
c
c this program is used for analyzing full-
c wave curves with 7500 points of full period,
c odd and even harmonics are both included up to
c a harmonic of 100.
c

parameter(tnh=102,set=2,pt=7500) 

common nw,deg(pt),rad(pt)
common npts,nps,int,inc,nh,ga,pi,wv,om,nc,rf ,er,el,err,itmax

dimension y(set,pt) ,scale(set),ymax(set) ,x(pt) ,yvalue(pt) 
dimension curvt (tnh) , curve (tnh), curvs (tnh) , curvp (tnh) 
dimension amp(set,tnh) ,ang(set,tnh) ,work(pt) ,rms(set ,tnh) 
real tpin(pt)
dimension racCtnh).pinh(tnh) 
real dccompCset)
real fc(pt), fcang(set,pt),th21(tnh)

real dcoff,tpinav,p insum, harmno,zind,xlind, lind
c
c read data from data file, (for non-linear load)
c

open(5,file=’ch2cal.dat’ ,status='unknown’, 
k access=’sequential’)

c
c chi il , ch2 vl
c set nsets and npts here
c read scaling constants set v and i constants here
c

read(5,*) nsets,npts 
do 43 j = 1, nsets 

43 read(5,*) scale(j)
close(unit=5)

c
open(3,file=’ch2.dat’ ,status=’unknown’ ,access=’sequential’)

open(10,file=’d2chout.txt’ ,status=’unknown’) 
open(80, f ile= ’ d2chorig. txt ’, status= ’ unknown ’) 
open(81 ,file=’d2chcons .txt ’,status= ’unknown’) 
open(83,f ile= ’d2chrms. txt ’,status= ’unknown’)
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c open (84, f ile= ’ d2chrac. txt ’, st at;us= ’ unknown ’)

rewind 3
print*, ’-----------------------------------------
print*, ’I last compiled Wed Mar 25 14:52:45 MST 1998 I
print*, ’-----------------------------------------
do 5 j=l,nsets
read(3,132) (y(j,i),i=l,npts)

c
c multiply scaling factors
c

do 899 ii=l,npts 
y(j,ii)= scale(j)*y(j,ii)

899 continue
5 continue
132 format(el3.6,2x,el3.6,2x,el3.6,2x,el3.6,2x,el3.6)
c
c invert primary current
c

do 160 i=l,npts 
160 y(l,i) = -1.0 * y(l,i) 
c
c set some constants
c

om = 314.1592654 
ga = 0.017453292 
pi = 3.141592654 
intf = pt 
int = pt 
inc = 5 
nw =1 
nh = tnh.

c
c setting up the time-axis in radians, rad(i)
c

radin =( 2*pi) /(npts-1) 
tl = -radin 
do 22 i=l,int 
tl = tl+radin 
rad(i) = tl 

22 continue
c
c setting up the time-axis in degrees, x(j)
c

do 50 i=l,npts 
50 x(i)=float(i-l)

nspace=npts-l
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degmult = 360.0/float(nspace) 
do 19 j=l,npts 
x(j) = x(j)*degmult 
if (j.eq.npts) x(j) = x(j)+0.001

19 continue 
c
c writing scaled row data to a file called forig.txt
c

do 88 k=l,npts
write(80,89) x(k),y(l,k),y(2,k)

88 continue
89 format(7(lx,fl0.4)) 
c
c compute d.c. component
c

do 30 j=l,nsets 
ymax(j)=0. 
dcoff =0.0 
do 231 k=l,npts 

231 work(k)=y(j,k)
c
c subroutine mean computes average value
c

call meanCwork,dcoff ,npts)
c
c computing dc in another way
c

do 37 k=l,npts-l 
37 dc=dc+y(j,k)

dc=dc/float(npts-1)
c

write(0,*) ’ch'.j,’ dc .......  : ’.dcoff
write(10, *) ’ ch’ ,j , ’ dc .......  : ’ ,dc
dccomp(j)=dcoff
do 20 i=l,npts
y(j,i)=(y(j,i)-dcoff)

20 if (abs(y(j ,i)) .gt.ymax(j)) ymax(j)=abs(y(j ,i))
30 continue
c
c computing Pin
c

do 165 i=l,npts 
165 tpin(i) = y(l,i)*y(2,i)

pinsum=0.0 
do 104 i=l,npts-1 

104 p insum = pinsum + tpin(i)
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pinsum = pinsum/float(npts-1)

call mean(tpin,tpinav,npts) 

write (10,*)
write (10,*) 'THE NUMBER OF KNOWN POINT (NPTS) IS ' ,NPTS 
write (10,*) 'THE NUMBER OF DATA SETS (NSETS) IS'.NSETS 
write (10,*)

c
c this part is based on the algorithms in page 119
c of vandergraft.
c

do 1 j=l,nh 
curvc(j) =0.0 
curvs(j) =0.0 
curvt(j) =0.0 
curvp(j) =0.0 

1 continue
write(0,*)

c ---------------------------------
do 12 j=l,nsets 
nc=j
do 13 i=l,npts 
yvalue(i) = y(j,i)

13 continue
c
c computing rms value from subroutine trap
c

call trap (yvalue,rmsval,npts)
c
c calling sub harm to get the harmonics
c

call harm (yvalue, curve, curvs, curvt, curvp)
c
c constructing original waveform from the harmonics
c writing it to fconst.txt
c 
c

do 57 i=l,npts 
fc(i)=0.0 
fcang(j,i)=0.0

c
c constructing original waveforms from fourier coefficients
c f(wt) = sigma (Ch sin(hwt + fih))
c

do 58 k=l,nh
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har=float(k)
c fc(i)=fc(i) + curve(har)*cos(har*rad(i)) +
c & curvs(har)*sin(har*rad(i))

fcang(j,i)=fcang(j,i) + curvt(har)*sin(har*rad(i) 
& + curvp(har))

58 continue
c
c writing the constructed waveforms to fconst.txt
c

if (j.eq.2) then
write(81,89) x(i),

& fcang(l,i)+dccomp(l),fcang(2,i)+dccomp(2)
endif 

57 continue
c 

c
c amp: amplitude of harmonic h
c ang: angle of harmonic h (radians)

do 133 i=l,nh 
amp(j,i)=curvt(i) 
ang(j,i)=curvp(i) 
curvp(i) = curvp(i)/ga 

133 continue
c
c calculating THD
c

toplam=0.0
do 343 i=l, nh 

if (i . gt. 1) then
toplam = toplam + ampCj,i)*amp(j,i) 

end if 
343 continue

thd = (sqrt(toplam)/amp(j,1))*100.
C
C compute rms from harmonics
C

fsq=0.0 
do 35 i=l,nh 
fsq = fsq + curvt(i)**2 

35 continue
frms = sqrt (fsq/2.)

write(83,*) rmsval

if (j.eq.l) write(0,*)’CH',J,' (II)', * RMS :
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ft rmsval, * - THD. : ’, thd, ’ /£ ’ 
if (j.eq.l) rmsil =rmsval
if (j.eq.2) write(0,*)’CH’,J,’ (VI)', ’ RMS : \

ft rmsval,’ - THD.:’,thd, ' 'U’ 
if (j.eq.2) rmsvl =rmsval

write (10,*) ’--------------------------------------
write (10,*) ’CHANNEL NUMBER’, J
write(10,*)’RMS VALUE FROM HARMONICS ___ :’, rmsval,frms
write(10,*)’RMS VALUE OF FUNDAMENTAL ...  :’,

ft curvt(1)/sqrt(2.)
write(10,*)’Total Harmonic Distortion .... : ’,thd 
write (10,*)
writedO,*)’ THE MAGNITUDE OF THE HARMONICS (RMS values)’ 

c *’ PERCENTAGE OF THE FUNDAMENTAL:’
if (curvt(l).eq.0.00000) then 
writedO,100) (0.0,k=l,nh) 
else

c writedO, 100) (100.*curvt (k)/curvt (1) ,k=l ,nh)
writedO, 100) (curvt(k)/sqrt(2.), k=l ,nh) 
end if 
write (10,*)
writedO,*)’ THE PHASOR ANGLES, SINE BASED (in degrees):’ 

c write(10,100)(-CURVP(K)-90.,K=1,NH)
write(10,100)(CURVP(K),K=1,NH) 
write (10,*)

12 CONTINUE
c ----------------------------------
100 format(6(lX,f11.4))

endfile(3) 
rewind 3 
close(3)

c
c computing losses of each harmonic
c

do 155 i=l,nh
c
c computing fundamental and harmonic input power
c rms(l,i)=il, rms(2,i)=vl
c

rms (1,i)=amp(1,i)/sqrt(2.) 
rms (2, i) =amp (2, i)/sqrt (2.)

th21(i)=ang(2,i) - ang(l,i) 

pinh(i)=rms(1,i)*rms(2,i)*cos(th21(i))

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



155 continue
c

pinht=0.0

do 166 i=l ,nh
pinht=pinht + pinh(i)

166 continue
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
c
c computing ac resistance Rac-h=Pinh/Ilh-rms“2
c

do 177 i=l,nh
177 rac(i)=pinh(i)/rms(l,i)**2

write(0,*)
WRITE(0,*) ’REAL POWER - ,Pin (from integ, harm)..

& tpinav,pinsum,pinht, ’ W’
WRITECO,*) ’APPARENT POWER - Sin (Vrms*Irms) ...

ft rmsvl*rmsil, ’ VA’ 
write(0,*)
write(0,*) ’-------------------------- ’
write(0,*)’ h’,’ Pin’,’ Ih’, ’ Rac
do 178 i=l,nh
if (pinh(i) -ge. 0.1 .and. rms(l,i) .gt. 2) then 
racind=rac(i) 
harmno=i
write(0,777) i,pinh(i),rms(l,i),rac(i) 

endif
178 continue
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
c
c computing inductance from Xl=sqrt(Z“2 - Rac~2)
c

zind=rmsvl/rmsil
xlind=sqrt(zind**2 - racind**2)
wlind=2*pi*harmno*60
lind=xlind/wlind

cccc
write(0,*)
write(0,*) ’ h’, ’ Z’,’ XI’,

ft ’ L (microHenry) ’
write(0,*) ’ ------------------------------------
write(0,*) harmno,zind,xlind,lind*le6

writedO, *)
WRITE(10,*) 'INPUT REAL POWER (from integration) .....

ft tpinav,pinsum, ’ W’
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WRITE(10,*) 'INPUT REAL POWER (from harmonics) .......
k pinht, ’ W’ 

write(10,*)
WRITEClO,*) 'INPUT APPARENT POWER (using VI and II)...

k rmsvl*rmsil, ' VA'

write(10,*)
WRITE(10,*) 'POWERS OF EACH HARMONIC’
write(10,*) ’------------------’
write(10,*)' h', ’ Pin'
write(10,*)
do 82 i=l,nh

82 if (pinh(i) .ge. 0.4) write(10,770) i, pinh(i)
770 format(i3,2x,fll.4)

write(10,*)
WRITE(10,*) 'LOSSES OF HARMONICS (Method A)'
write(10,*) ’------------------------- '
writedO,*)' h’,’ Pcu’, ’ Ih’, ’ Rac’
do 83 i=l,nh
if (pinh(i) .ge. 0.1) write(10,777) i,pinh(i),rms(l,i),rac(i)

c write(84,*) i**2,rac(i)
83 continue

write(10,*)
writedO,*) ’ h’,' Z’,’ XI’,

k ’ L (microHenry) ’
write(10,*) ’------------------------------------- '
write(10,*) harmno,zind,xlind,lind*le6

777 format(i3,2x,f11.4,2x,f11.4,2x,f11.4)

endfiledO) 
rewind 10 
close(lO) 
stop 
end

c
subroutine harm (value, compc, comps, compt, compp) 

c this subroutine performs fourier analysis for period from
c 1 to 361,361 points, nh harmonics, using three points
c gauss integration formula.

common nw,deg(7500),rad(7500)
common npts, nps, int, inc, nh, ga, pi, ww, om, nc, rf, er, el, err, itmax

C
parameter (tnh=102, set=2, pt=7500)
dimension value (pt) , compc (tnh) , comps (tnh) , compt (tnh)
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dimension compp(tnh),valuec(pt)
check = 2.0
p=sqrt(0.6)
al=5./9.
a2=8./9.
fkl=0.5*p*(1.+p) 
fk2=(l.+p)*(l.-p) 
fk3=0.5*p*(p~l.) 
do 44 j=l,nh 
dl 1= 0 . 0  
dl2=0.0 
h=float(j)

do 33 i=l,int-2,2 
tl=h*(rad(i)) 
t2=h*(rad(i+l)) 
t3=h*(rad(i+2)) 
xl=fkl*tl+fk2*t2+fk3*t3 
x2=t2
x3=fk3*t 1+fk2*t2+fkl *t 3 
cl=value(i) 
c2=value(i+l) 
c3=value(i+2) 
c4=fkl*cl+fk2*c2+fk3*c3 
c6=fk3*cl+fk2*c2+fkl*c3 
dl=c4*cos(xl) 
d2=c2*cos(x2) 
d3=c6*cos(x3) 
d4=c4*sin(xl) 
d5=c2*sin(x2) 
d6=c6*sin(x3) 
dll=dll+al*(dl+d3)+a2*d2 
dl2=dl2+al*(d4+d6)+a2*d5 

33 continue
xptl = 2./float(npts-1) 
compc(j)=dl1*xpt1 
comps(j)=dl2*xptl

c
c computing amplitude (compt) and fi(compp) in cv sin(vt+fi)
c

compt(j) = sqrt(compc(j)**2+comps(j)**2) 
c if (comps(j).eq.O.00000) then
c compp(j)=0.0
c else
c compp(j) = -atan(compc(j)/comps(j))
c end if
c if (comps(j).It.0.0) compp(j) =compp(j)+pi
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44
c
c
c
c
c

52

51

. ac.eq.0.) then

.and. ac.It.0.) then

.and. ac.gt.0.) then

.and. ac.ge.0.) then

.and. ac.It.0.) then

ac=compc(j) 
bs=comps(j) 
if (bs.eq.0. .and 
f=0.0
elseif Cbs.eq.O. 
f=-pi/2
elseif (bs.eq.O. 
f=pi/2
elseif (bs.lt.O. 
f=pi+atan (ac/bs) 
elseif (bs.lt.O. 
f=-pi+atan (ac/bs) 
else
f=atan(ac/bs)
endif
compp(j)=f
continue

the above data is to be plotted and checked
if the fourier analysis give the same curve
data are given in amplitude and radius in sine wave
this section is used for
checking fourier analysis************
nww = 5*nw
if ((check.eq. 1.) .and. (nc.eq.nww)) then
emdif = 0.
do 51 i=l,int
valuec(i) = 0.
do 52 j=l,nh,2
h = float(j)
valuec(i)=valuec(i)+compc(j)*cos(h*rad(i))+ 

comps(j)*sin(h*rad(i))
continue
dif=abs(value(i)-valuec(i)) 
if (dif.gt.emdif) then 

emdif = dif 
difn = float(i) 

endif 
continue

write (10,*) ’*********checking fourier 
Sanalysis******************’

write (10,*) 
write (10,*) 
write (10,1001) 
write (10,*)
write (10,*) ’valuec(457) at nc - ’,nc

’value(457) at nc = ’,nc 
(valued) ,i=l,457)
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write (10,1001) (valuec(i),i=l,457)
write (10,*) 'the marimun difference is :',emdif,’at i=’,difn 
endif

1001 format (10(lx,lpell.4))

return
end

subroutine trap (fin,rmsval,nn) 
real rmsval,f (7500) ,fin(7500),sum,inte 
integer nn 
do 19 i=l,nn 

19 f(i)=fin(i)*fin(i)
sum = 0.0 
do 29 i=2,nn-l 
sum = sum + f(i)

29 continue
inte =(l./float(nn-l))*0.5*((f (l)+f (nn))+2.*sum)
rmsval = sqrt (inte)
return
end

c
subroutine mean (fin.meanvl,nn) 
real meanvl,fin(7500),sum 
integer nn 

c nn is number of sampling points
c
c t
c Imean = (1/t)* S i dt)
c o
c

sum =0.0 
do 129 i=2,nn-l 
sum = sum + fin(i)

129 continue
meanvl =( l./float(nn-l))*0.5*((fin(l)+fin(nn))+2.*sum)
return
end
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A .4  S am ple Input and O utput F iles o f  th e  Fortran P rogram

There are two input files to the FORTRAN program: 1) ch2cal.dat: calibration 

information of channels, the first line contains number of data sets and number of points 

per channel, respectively, on the second and third lines are the calibration numbers of 

channels 1 and 2. respectively. 2) ch2.dat: sampled 15.000 points of channels 1 and 2. 
This file is generated by the BASIC sampling program (twochb.bas). It has 3.000 lines 

in 5 columns.

The output file (d2chout.txt) of the FORTRAN program contains the harmonic

magnitude and phase angles of voltage and current wave forms along with RMS values.

ch2cal.dat

2 7500
1.00417E-02 
4.88530E-03

d2chout.txt

ch 1 dc ....... : 5.15195E-02
ch 2 dc ....... : -1.31058E-02

THE NUMBER OF KNOWN POINT (NPTS) IS 7500 
THE NUMBER OF DATA SETS (NSETS) IS 2

CHANNEL NUMBER 1
RMS VALUE FROM HARMONICS --  : 10.06098 10.05753
RMS VALUE OF FUNDAMENTAL  : 1.26211E-03
Total Harmonic Distortion .... : 796880.

THE MAGNITUDE OF THE HARMONICS (RMS values)
0.0013 0.0004 0.0020 0.0009 0.0007 0.0020
0.0007 0.0013 0.0026 0.0007 0.0010 0.0011
0.0004 0.0007 0.0009 0.0008 0.0014 0.0010
0.0007 0.0004 0.0007 0.0008 0.0003 0.0013
0.0007 0.0015 0.0011 0.0009 0.0007 0.0016
0.0015 0.0016 0.0012 0.0012 0.0010 0.0012
0.0025 0.0016 0.0011 0.0016 0.0014 0.0018
0.0014 0.0017 0.0020 0.0017 0.0024 0.0022
0.0022 0.0026 0.0028 0.0027 0.0027 0.0027
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0.0034 0.0033 0.0036 0.0034 0.0039 0.0038
0.0042 0.0044 0.0049 0.0054 0.0055 0.0058
0.0063 0.0066 0.0074 0.0082 0.0098 0.0147
0.0051 0.0076 0.0089 0.0096 0.0111 0.0130
0.0145 0.0165 0.0175 0.0215 0.0241 0.0300
0.0356 0.0482 0.0621 0.0884 0.2022 10.0509
0.2172 0.0972 0.0705 0.0569 0.0447 0.0369
0.0330 0.0302 0.0289 0.0261 0.0234 0.0239

THE PHASOR ANGLES, SINE BASED (in degrees) :
-22.7559 80.2591 86.1727 38.6769 97.5891 113.4677
112.3141 160.8428 15.4956 40.1406 41.6437 83.7186
17.0222 90.3065 131.3456 96.4791 147.1464 40.0829
83.8979 120.3654 141.4417 98.7514 19.7848 122.1131
123.8212 163.4427 96.7690 142.2037 134.8140 98.6200
103.5485 124.9866 103.3057 114.1712 133.6590 103.9091
117.4050 122.2604 134.9693 120.2171 80.7872 117.0144
116.2441 109.6489 115.5169 97.9016 106.5252 112.9081
111.4322 117.6583 116.0953 112.5800 103.7468 115.7933
152.3804 117.4649 118.5104 128.1004 117.2229 110.9189
115.6149 111.4294 114.0136 112.4236 111.7616 113.9911
114.8536 111.2458 115.0822 117.8363 117.1569 124.8563
70.0014 101.7730 105.0073 108.2006 107.6501 108.1093
113.3542 108.3764 106.9531 110.8264 110.1257 110.4579
112.2263 111.1620 110.4198 112.8370 116.3860 109.6904
-76.5920 -72.0684 -71.1048 -69.0135 -70.8694 -72.4334
-69.5994 -71.3618 -66.8538 -67.0534 -65.3124 -71.5075

CHANNEL NUMBER 2
RMS VALUE FROM HARMONICS  4.42100 4.41992
RMS VALUE OF FUNDAMENTAL  3.50557E-04
Total Harmonic Distortion .... : 1.26083E+06

THE MAGNITUDE OF THE HARMONICS (RMS values)
0.0004 0.0005 0.0001
0.0005 0.0002 0.0004
0.0003 0.0004 0.0004
0.0006 0.0006 0.0005
0.0007 0.0004 0.0007
0.0005 0.0010 0.0006
0.0012 0.0009 0.0009
0.0011 0.0012 0.0013
0.0017 0.0013 0.0017
0.0015 0.0019 0.0020
0.0023 0.0025 0.0026
0.0031 0.0034 0.0036

0.0003 0.0002 0.0004
0.0004 0.0004 0.0002
0.0005 0.0002 0.0007
0.0010 0.0003 0.0006
0.0003 0.0006 0.0008
0.0010 0.0008 0.0009
0.0011 0.0011 0.0011
0.0012 0.0013 0.0013
0.0015 0.0016 0.0018
0.0018 0.0023 0.0023
0.0028 0.0029 0.0030
0.0038 0.0046 0.0063

1
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0.0031 0.0043 0.0044 0.0048 0.0055 0.0061
0.0070 0.0079 0.0082 0.0096 0.0114 0.0129
0.0162 0.0216 0.0276 0.0395 0.0896 4.4170
0.0952 0.0424 0.0303 0.0248 0.0193 0.0156
0.0141 0.0122 0.0122 0.0112 0.0101 0.0102

THE PHASOR ANGLES, SINE BASED (in 
-48.9164 -89.2255 -58.8345

degrees): 
133.6381 -113.0054 -171.5757

-157.1879 142.3019 55.1031 -127.4693 147.4653 -63.1094
144.2340 3.6785 132.1653 -157.0882 -87.8019 -167.5575
176.8319 -164.9223 -163.8944 179.6266 -175.2059 -155.0218
164.3547 148.9053 173.1435 158.6160 179.1543 -159.2321
-173.1428 -173.2159 175.9534 172.9241 173.3876 -173.0950
178.8686 -177.0840 -175.0782 --168.5033 -172.2980 175.7106
-176.1201 -172.1556 -178.8516 178.4293 -173.0506 -172.5790
-176.7243 -167.3837 -177.9281 175.2576 -179.1562 178.3286
-155.9026 -172.1384 -169.7943 -166.6364 -173.6483 -178.2757
-171.9280 176.1348 -173.1687 -174.4198 -177.1900 -172.2605
-172.9805 -174.9972 -172.1984 -170.1645 -168.8465 -161.1346
159.1965 178.4767 -176.5517 --175.0917 -177.3570 -176.4176
-171.3665 -176.4119 -177.5135 -174.8495 -172.4090 -173.3276
-170.3787 -173.5250 -172.7111 -170.5707 -167.0436 -173.3303
0.5018 5.0669 6.0584 8.1651 6.2304 5.0716
6.9613 7.3423 12.5157 9.3289 15.0424 5.8209

INPUT REAL POWER (from integration) .. .. : 10.01933 10.01975 W
INPUT REAL POWER (from harmonics) -- .. : 10.01561 W

INPUT APPARENT POWER (using VI and II)... : 44.4796 VA

POWERS OF EACH HARMONIC

h Pin

90 10.0023

LOSSES OF HARMONICS (Method A)
The values below are for one transformer ONLY!

h Pcu Ih Rac
90 10.0023 10.0509 0.0990

h Z XI L (microHenry)

90.0000 0.439420 0.428120 12.6180
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APPENDIX B

DESCRIPTION AND DIMENSIONS OF INDUCTORS AND
TRANSFORMERS

The losses, AC resistances (R^c^) and inductances (Z-/J of 11 inductors and 2 

transformers at different frequencies are measured. A brief description for each inductor 

and transformer is outlined below:

• Inducto rs

1. Inducto r # 1  has a rectangular core (shape I) and consists of laminated 

iron sheets. A stranded (not insulated strands) copper wire is wound 

along the long side of the core. This inductor was tested in three different 

configurations: with core, without core and in an unwound manner (one 

big loop with no core present).

2. In d u c to r # 2  is the input filter inductor of the rectifier. It consists of two 

identical inductors connected in series. The structure of the core and that 

of the winding are similar to those of inductor #1.

3. Inducto r # 3  is the tank inductor of the rectifier. Thin rectangular copper 

sheets are wound on a ferrite material core (shape D). There are two air 

gaps associated with the D-shaped (compressed ferrite or powdered iron) 

core.
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4. In d u c to r  # 4  is the output inductor of the inverter. It consists of two 

identical inductors connected in parallel. The core (shape E) has laminated 

iron sheets and a square solid copper wire is placed on the center leg.

5. In d u c to rs  # 5 ,  6, 7 are the output filter inductors of the inverter. All 

have stranded wires, with individual strands insulated and transposed from 

each other (Litz wire). The cores of inductors # 5  and #6  consist of lami­

nated thin iron sheets while inductor #7  has a powdered iron core.

6. In d u c to r  # 8  is the DC output filter inductor of the rectifier. Solid rect­

angular copper wire is wound on the center leg of an El shaped core which 

consists of laminated, thin iron sheets.

7. In d u c to r  # 9  is the damping inductor of the input filter of the rectifier. It 

is similar to inductor #1 except it has a solid circular wire. This inductor 

consists of four identical inductors connected in series.

8. In d u c to r  # 1 0  is an air core inductor. A stranded (uninsulated strands) 

copper wire is used. No magnetic core is present in this inductor.

9. In d u c to r  # 1 1  has an E-I shaped core which consists of laminated iron 

sheets, with a solid circular wire wound on the center leg.

10. In d u c to rs  # 1 2  and  13 have stranded (uninsulated strands) wires and 

have the same length as that of inductor #1. There is no magnetic core, 

and the wire has only one turn for each inductor.

•  T ransfo rm ers

1. S am ple t r # l :  Two 3-phase transformers between inverter and the power 

grid are connected in series. The one on the inverter side is a 3-phase, 

3-legged, 45kVA, 480-208/120V, 60Hz transformer connected wye-delta 

(wye is on the inverter side). Solid rectangular copper wire is used on
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the LV side, while solid circular copper wire is used on the HV side. The 

transformer on the utility side consists of a delta-connected bank of three 

lOkVA. single-phase transformers with 480V-240V. 60Hz. The HV side 

(480V) of the 45kVA transformer is tied to the HV side of the 30kVA 

transformer. The LV side of the 30kVA transformer is three-phase, short 

circuited, and sinusoidal voltages at different frequencies are applied to the 

any two phases at the LV side of the 45kVA transformer.

2. S am ple t r # 2 :  Single-phase transformer with an apparent power of 1.5kVA, 

480V-3V, 60Hz. The LV side is short-circuited and voltage is applied to 

the HV side. The LV side winding consists of rectangular solid conductors 

with an area of A  =  18 x 10 =  180mm2.

Figure B.l and B.2 illustrate the types of cores used in the inductors and the construc­

tion of an inductor, respectively. Table B.l lists the dimensions of each core. Different 

types of wires, e.g.. solid, stranded, and Litz wires are used in the construction of these 

inductors. Wire properties are outlined in Table B.2 (see Figure B.2 for definitions).

Table B.l: Dimensions (in millimeters) of the cores (Figure B.l) of inductors.

inductor
# type h I w a b c d e 9
1 I 51 29 15
2 I 57 21 18
3 D 94 154 59 28 - 28 - - 5
4 E 135 145 47 24 - 24 42 28 -
5 I 66 13 15
6 I 47 18 17
7 I 71 11 10
8 El 127 190 88 31 31 31 64 31 9
9 I 54 10 10 -
10, 12, 13 no core is used in this inductor
11 El 51 76 25 13 13 13 26 12 0.4
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Figure B.l: Types of cores used in the inductors.

Inductor #6  consists of two of the same type of wires connected in parallel: therefore, 

the values given in Table B.2 pertain to one winding only.

twisted  
ind iv idualZ  
wires

outer
insulation

1st layer

twisted
strands

wire
(a) 0>)

Figure B.2: Typical construction of a stranded wire (a) and an inductor (b).
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Table B.2: Specifications of the wires used in the inductors.

inductor
#

#  of 
wire 

layers

#  of turns 
in each 
layer

wire
size

#  of 
strands

#  of wires 
within each 

strand

insulation
between

wires

1 5 9 8 AVVG 19 7 no
2 5 7 6 AWG 19 7 no
3 7 1 43x0.5mm~ 2 1 yes
4 4 unknown 5x5 mm~ 1 solid wire
5 2 7 6 AWG 1 >100 yes
6 2 7 18 AWG 5 33 yes
7 2 10 6 AWG 1 >100 yes
8 5 8 7x4 mm~ 1 solid wire
9 2 13 13 AWG 1 solid wire
10 2 6 6 AWG 7 1 no
11 4 unknown 32 AWG 1 solid wire
12 1 1 4 AWG 7 1 no
13 1 1 8 AWG 7 1 no
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APPENDIX C

CIRCUIT DIAGRAMS

C .l Gating Circuit of Rectifier

The gating circuit of the rectifier is depicted in Figure C .l including an 8-step 

A/D converter or piecewise amplifier, a Unitrode zero-current resonant integrated circuit 

(IC), UC3866N [83]. and an optocoupler. The output current of the rectifier is measured 

thorough a 50A/50mV shunt and is amplified with a gain of 50. A low-pass filter is 

also used to reduce the high frequency switching ripples which are present in the output 

current. The amplified signal is then compared with 8 different voltage levels, between 

0.3 volts and 2.24 volts, in 8 different comparators. A small amount of hysteresis is also 

employed to prevent chatter at each transition point. The outputs of the comparators 

are all at low state, where increasing output current will enable the output of the first 

comparator to reach a high state and a further increase in the output current will initiate 

the other comparators to enter the high state depending on their input voltage values. 

The output of all comparators are added together in an operational amplifier and the 

resultant voltage is connected to the noninverting input of the error amplifier inside the 

UC3866N IC.

The output voltage of the rectifier, measured by a voltage divider, is compared 

with a reference voltage in an error amplifier, and the error voltage is limited to Vumit by 

1 a limiter circuit. When the error voltage is less than the value of the output of the
I

operational amplifier is at its high state and the diode at the output is off, disconnecting
I
!

iI
I1|
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the operational amplifier from the circuit. The output voltage of the limiter circuit is 

now the same as its input voltage. When the error voltage is higher than V/irmt. the 

output of operational amplifier approaches the negative supply voltage, thus turning the 

diode on: now the circuit is a simple voltage-follower whose output is the same as the 

voltage of the noninverting input, namely Vitrnit- The output of the limiter is inverted 

and connected to the inverting input of UC3866N.

The UC3866N IC consists of a voltage-controlled oscillator (VCO) driven by the 

output of the error amplifier. The resistors of 9.71K2. 190M1 and the capacitor of 

4.9nF. connected to pins 6. 7. and 8. respectively, are chosen to select the maximum 

and minimum switching frequency of the VCO. as explained in [83]. The constant on- 

time gating signals are available at both output pins of the UC3866N IC (pins 11 and 

14), and the outputs are joined together by 0.5 Cl resistor as recommended by [83]. The 

magnitude of the output signal of UC3825 is equal to the supply voltage of 17 volts. 

However, the divider circuit requires a digital 5V level input (TTL), so the 17 volts 

are reduced to 5 volts by an emitter follower. The minimum and maximum output 

frequencies of the VCO can be adjusted from 10 kHz to 1 MHz. Since some operating 

points of the rectifier require lower switching frequencies than 10kH z  (e.g., 6.5kH z  

to 24kHz),  a divider (MC14018, a divide-by-four counter) is employed to lower the 

frequency of the gating signal applied to the IGBT. The constant-width gating signal is 

then obtained by a monostable multivibrator (MC14528). Since the emitter of the IGBT 

is not at ground potential, the gating signal applied to the gate and emitter of IGBT 

must be isolated from the rest of the control circuit. Therefore, an optical isolation IC 

(M57958L) with a floating DC power supply is employed, where the amplitudes of the 

positive and negative pulses of the gating signal are equal to the positive and negative 

supply voltage of the isolator IC, respectively. The zener diodes of Figure C.l (part 3) 

protect the gate from overvoltages by clamping the voltage to ±18V.
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C.2 Gating Circuit of Inverter

The control circuit of the inverter is shown in Figure C.2. The error voltage of one 

phase, the difference of the reference current and actual output current of inverter, is 

compared with a high-frequency (5.76kHz) triangular carrier wave form. The triangular 

wave from is obtained by integrating a square wave form, obtained from the power 

system frequency of nominal 60Hz  using a phase-lock-loop (PLL) circuit as shown in 

Figure C.3. The frequency of the triangular carrier signal is f c = 60 • 96 = 5.76kHz.

Two different signals are obtained from the variable-width signal at the output of 

comparator (LM311) and applied to the gates of the upper and the lower IGBTs such 

that each transistor turns on alternately: that is, when the upper IGBT is turned on 

the lower IGBT is turned off. There is an 8fisec lock-out time delay between the two 

gating signals to prevent cross-conduction (short-circuiting the DC input voltage): i.e., 

the signals applied to upper and lower IGBTs are not turned on at the same time. The 

generation of the two signals with a lock-out time delay is outlined in Figure C.4. Since 

the emitter terminals of the lower IGBTs are at the same potential (DC ground), gating 

signals can be directly applied to these IGBTs through driver ICs (TC427). However, 

gating signals applied to each of the three upper IGBTs must be electrically isolated: 

therefore, each IGBT requires an additional power supply.
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C.3 Subcircuits of Synchronization Control Circuit
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APPENDIX D

FORTRAN PROGRAM FOR THE RE ACTIVE-POWER  
CONTROLLABILITY OF THE PW M INVERTER

program inverter
real f1,f2,eiiril,eiiri2, eiilel,eiile2,eiihf,nt

common /mag/ aimag(27), vph(27)

open(unit=ll, file='inv.dat', status='unknown') 
open(unit=15, file=’trim.txt', status='unknown')

c read magnetizing inductance vs phase voltage
do i=l,27

read(15,*) aimag(i), vph(i) 
enddo

c enter inductance and resistor values for 60Hz
c s is for system and i is for inverter output inductor
c

nt = 240./208.

rs = 16.67e-3 / nt**2 
els = 88.e-6 / nt**2 
rtr = 56.25e-3 
eltr = 131.06e-6 
ri = 28.3e-3 + rtr 
eli = 1.2e-3 + eltr

c enter filter parameters here
rf = 4.2e-3 / nt**2 
elf = 12.e-6 / nt**2 
ecf = 31.e-6 * nt**2

freq = 60.
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pi=3.1415927 
rtod=180./pi

om = 2 * pi * freq

c ########################################################## 
c analysis at high frequency
c enter inductance and resistor values for 5.76kHz
c s is for system and i is for inverter output inductor
c

artr = 1.43 
aeltr = 100.95e-6 
ari = 11.7 + artr 
aeli = 0.69e-3 + aeltr

c enter filter parameters here
arf = 46.7e-3 / nt**2 
aelf = 10.94e-6 / nt**2 
aecf = 31.e-6 * nt**2

hfreq = 60.*96. 
hom = 2 * pi * hfreq

xs = hom*els 
axi = hom*aeli 
axlf = hom*aelf 
axcf = l./(hom*aecf)

c enter rms current of inverter at 5.76kHz from measurement 
eiihf = 3.24 
zs = sqrt(rs**2 + xs**2) 
axf = axlf - axcf 
azf = sqrt(arf**2 + axf**2) 
azsf= sqrt((rs + arf) **2 + (xs + axf) **2) 
angzs = atan(xs/rs)*rtod 
angzf = atan(axf/arf)*rtod

eifhf = (zs/(azsf)) * eiihf 
eishf = (azf/(azsf)) * eiihf

avpccn = sqrt((eishf*rs)**2 + (eishf*xs)**2) 
atheta = acos((eishf*rs)/avpccn) 
abeta = acos((eifhf*arf)/avpccn)

aphi = abeta - asin( (eishf/eiihf)*sin(pi-atheta-abeta)) 

aeinl = avpccn + eiihf*ari*cos(aphi) - eiihf*axi*sin(aphi)
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aein2 = eiihf *ari*sin(aphi) + eiihf *axi*cos (aphi) 
aein = sqrt(aeinl**2 + aein2**2) 
adelta = asin(aein2/aein)

write(1 
write(1 
write(1 
write(1 
write(1 
write(1 
write Cl 
write(1 
write(1 
write(1 
write(1 
write(1 
write(1 
write(1 
writeCl 
writeCl 
writeCl 
writeCl

’high frequency results’

’eiihf .......... : ’, eiihf
'els, aeli, xs, axi .
’ari, rs, aom ....
’arf, axlf, axcf ....

’ zs, azf .. .. 
’angzs, angzf

, els, aeli, xs, axi 
, ari, rs, aom 
, arf, axlf, axcf

, zs, azf 
, angzs, angzf

, eifhf, eishf 
, atheta*rtod, abeta*rtod

, avpccn, aein 
aphi, adelta Cdeg) aphi*rtod, adelta*rtod

’eifhf, eishf ......:
’atheta, abeta Cdeg).:

’avpccn, aein, .....:

c
c

c
c

# # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # #

enter system voltage in here line-to-line

eismax=0.0
do 300 vll=245,245

xs
xi
xlf
xcf

om*els 
om*eli 
om*elf 
l./Com*ecf)

esn=vll/sqrtC3.) / nt

enter epsilon value for stopping criteria 
emin=0.01

enter theta Cas k) in degrees

do 100 k=-16,88,4 
do 100 k=-20,80,20 
theta=float Ck)
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theta=theta/rtod 
ecur=0.0

c eis is the current delivered to system, referred to primary
c eis_primary = nt * eis_system, nt is the turns ratio of tr.
c

do 200 eis=81,l,-5 
c do 200 eis=80,20,-10

write(11,*)
write(ll,*) ’vll, esn, eis vll, esn, eis
write(11,*) ’els, eli, xs, xi els, eli, xs, xi
write(ll,*) ’ri, rs, om  ri, rs, om
writeCll,*)
writeCll,*) ’theta (rad, deg)..:’, theta, theta*rtod 
write(11,*)

vpl = rs*eis*cos(theta) 
vp2 = xs*eis*sin(theta) 
vp3 = rs*eis*sin(theta) 
vp4 = xs*eis*cos(theta) 
vpccn = sqrt ((esn + vpl - vp2)**2 + (vp3 + vp4)**2)

deltal = acos((esn + vpl - vp2)/vpccn) 
delta2 = asin((vp3 + vp4)/vpccn)

c compute magnetizing current from i=f(vpcc) curve
c also compute filter current

eimag = f(vpccn)
eif = vpccn/sqrt(rf **2 + (xlf-xcf )**2) 
beta = acos((eif*rf)/vpccn) 
eim = sqrt(eimag**2 + eif **2 +

& 2 * eimag * eif * cos(pi/2. - beta))

psph = esn*eis*cos(theta) + rs*(eis)**2
qsph = -esn*eis*sin(theta) + xs*(eis)**2
p = 3*psph*le-3
q = 3*qsph*le-3
spec = sqrt(p**2 + q**2)

c find phio
phi=-pi/2 
dphi=0.00001 

c phi=0.1
c dphi=0.00001

c write(11,*) ’
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c writeCll,*) 'iteration starts’

npts=float (pi/dphi) 
err=l.

do 1 i=l,npts 
phi = phi + dphi 
thphi=theta-phi

c
c positive sign in front of root
c

fla = esn + rs*eis*cos(theta) - xs*eis*sin(theta) 
fib = rs*eis*sin(theta) +• xs*eis*cos(theta) 
flc = eis*cos(thphi)
fid = eis**2*(cos(thphi))**2 - (eis**2 - eim**2)

if (fid .ge. 0.0) then 
eiilel = psph/(cos(phi)*fla + sin(phi)*flb) 
eiiril = flc + sqrt(fld)

fl = eiilel - eiiril
c
c negative sign in front of root
c

eiile2 = eiilel
eiiri2 = flc - sqrt(fld)

f2 = eiile2 - eiiri2

if (abs(fl) .le. emin .or. abs(f2) .le. emin) then 
errl = min(abs(f1),abs(f2)) 
if (errl .le. err .and. theta .ge. phi) then 
err=errl 
phio = phi
if (abs(fl) .It. abs(f2)) then 

eii = eiiril 
else

eii = eiiri2 
endif 

ifinal = i 
flo = fl 
f2o = f2
eiilelo = eiilel 
eiirilo = eiiril 
eiile2o = eiile2 
eiiri2o = eiiri2 

endif

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



20 8

’ ,i, phi, fl, f2 
’, eiilel, eiiril 
’,eiile2, eiiri2

c
c writeCll,*) ’minimum found’
c writeCll,*) ’i, phi, fl, f2
c writeCll,*) ’eiilel, eiiril
c writeCll,*) ’eiile2, eiiri2

endif 
endif 

1 continue

writeCll,*) ’iteration ends’
writeCll,*) ’---------------’
writeCll,*)

write C11, * ) ’ FINAL RESULTS ’ 
writeCll,*)
writeCll,*) ’ifinal, phio :’,ifinal, phio
writeCll,*) ’eiilelo, eiirilo, flo ..:’.eiilelo, eiirilo, flo 
writeCll,*) ’eiile2o, eiiri2o, f2o ..:’,eiile2o, eiiri2o, f2o

c phio is the solution of phi
el = ri*eii*cosCphio) - xi*eii*sinCphio) 
e2 = ri*eii*sinCphio) + xi*eii*cosCphio)

ein=sqrtCCfla + el)**2 + Cflb + e2)**2)
c

eps=atanCCflb + e2)/Cfla + el))
c
c
c epsdel = eps - deltal
c call adcCein, epsdel, aein, adelta, sumein, angein)

c dc voltage
vdc = Cpi/sqrtC2.0)) * ein + 100. 

writeCll,*)

writeCll,*) 'vpccn,eimag,eim :’, vpccn,eimag,eim
writeCll,*) ’vpccn,eif.betaCdeg), eif,beta*rtod 
writeCll,*) ’deltal,delta2 Crad).:’, deltal, delta2 
writeCll,*) ’deltal,delta2 Cdeg).:’, deltal*rtod, delta2*rtod

writeCll,*)
writeCll,*) ’psph, q s p h    :’,psph, qsph
writeCll,*)’p, q, spec .......... : ’ »P> <!• spec
writeCll,*)

writeCll,*)’phio Crad, deg)...:’, phio, phio*rtod 
writeCll,*)

i!
i
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writeCll,*)’eii, ein, vdc, vdch eii,ein,vdc,vdch
writeCll,*) ’eps Crad, deg) ..:’,eps, eps*rtod 
writeCll,*)
writeCll,*) ’****************************************’

if Cvdc . le. 360) then
if Ceis .ge. eismax) eismax=eis 

endif

if Cvll .eq. 245) then
if Cvdc .le. 360 .and. eis .eq. eismax) then 
writeC21 ,*) theta*rtod,phio*rtod,p,q,eis,vdc 
write C22,*) theta*rtod,vpccn,vll,ein,eii 

writeC21,*) theta*rtod,p,q,spcc, 
vpccn,eimag,eif,eii,eis,phio*rtod, 
ein, deltal *rtod, vdc 

endif

if Ceis .eq. 81) then
writeC25,*) theta*rtod,phio*rtod,p,q,eis,vdc 
write C26,*) theta*rtod,vpccn,vll,ein,eii 

writeC25,*) theta*rtod,p,q,spcc, 
vpccn,eimag,eif,eii,eis,phio*rtod, 
ein, deltal *rt od, vdc 

endif

write C91,*) theta*rtod,phio*rtod,p ,q,eis, vdc 
write(92,*) theta*rtod,vpccn,vll,ein,eii

endif

print *, theta*rtod,e i s ,p ,q ,vdc,vdcpwm,e in

200 continue
100 continue
300 continue

stop 
end

10
20

function f(x) 
real x
common /mag/ aimag(27), vph(27)
do 10 i-1,27
xx=vph(i)
if (x.le.xx) goto 20 
continue
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if(i.gt.27) i=27
f=aprox(vph(i-l) ,xx,x,aimag(i-l) ,aimag(i))
return
end

function aprox(xl,x2,x3,yl,y2)
aprox=(y2-yl)*(x3-xl)/(x2-xl)+yl
return
end
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