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As more advanced hybrid electric vehicles begin emerging onto the commercial

market, design algorithms for their control become increasingly more

complicated. One major hurdle for designers is the mitigation and control of the

created high frequency harmonics caused from switching the dc voltage into an ac

voltage by use of controlled switches insulated gate bipolar junction transistors

(IGBT's). Analysis of these created harmonics has lead to techniques which can

minimize energies at specific frequency bands of interest allowing for safe

connection of additional auxiliary equipment to the dc-link, This allows for a

more efficient use of the dc-bus, further increasing the efficiency of the hybrid

electric vehicle. This thesis analyzes the behavior of a hybrid electric vehicle

propulsion system including the modeling, prediction, and mitigation of dc-bus

harmonics, This thesis documents experimental results as well as simulated

comparisons using both Maflab (Simulink) and PSpice for verification and

investigation of proposed system designs and control methodologies. This

detailed analysis has focused on various space vector modulation techniques, and

their respective performances when compared to the Mil-std 461 distortion limits.

Efforts were taken to simulate close approximations to behaviors of IGBT
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switches and effects such as dead time and rise time were included in the

simulation results. Theoretical and simulated results are shown for a range of

different switching algorithms highlighting various performance characteristics.

The complexity of simulating and experimentally evaluating multiple inverter

systems is a hardware intensive process that requires both substantial processing

power and extended test equipment capabilities. The final section of this

document shows excellent correlation between the line-to-line and dc-bus

voltages of the simulated results and the captured experimental line-to-line and

dc-bus voltages.
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Hybrid Electric Vehicle dc-bus Converter Harmonics

1. Introduction

Significant R&D efforts focused on developing electric vehicle (EV)

technologies have been hindered by the low energy density of battery technologies.

Thus, automobile and military vehicle manufacturers have been developing hybrid

electric vehicles (HEV's) to overcome the battery range problem of pure EV's.

Hybrid electric vehicles (HEy' s) combine the conventional internal combustion (IC)

engine with an electric motor and energy storage devices (e.g. batteries, flywheels,

ultracapacitors, etc.). This hybrid configuration exhibits several advantages including

increased efficiency which results in extended range and reduced emissions.

Typically, HEV's are capable of traveling twice the distance of conventional (IC)

vehicles whilst using the same convenient refueling system, thus exhibiting

consequent operational and environmental benefits.

In higher power HEV's, such as for military applications, a main dc-bus provides

the input for traction motor drives/inverters, as well as various auxiliary loads. As

the advantages of HEV's drive advanced applications with high performance

requirements, analysis of the dc-bus harmonics become increasingly important.

Excessive dc-bus harmonics can cause interference with communication and

control systems, additional heat, audible noise, mechanical stresses and vibration,

as well as "detectable signals" from radiated electro magnetic interference (EMI).

For military systems, specific standards (e.g. Mil-std 461) limit the harmonic

content on power buses. The purpose of this thesis is to present the resulting

harmonics from space vector modulation (SVM) controlled single and dual

voltage source inverter (VSI) systems, mitigation techniques, and experimental

verification.
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std 461) limit the harmonic content on power buses. The purpose of this thesis is

to present the resulting harmonics from space vector modulation (SVM)

controlled single and dual voltage source inverter (VSI) systems, mitigation

techniques, and experimental verification.

2



3

2 Harmonic Analysis

The material presented summarizes various SVM-techniques and analyzes

the resulting harmonic concentrations of energy on a dc-bus HEY. Mitigation and

minimization techniques are theoretically derived and simulated then verified

through experimental testing. Two simulation platforms are used to help show

excellent correlation in theoretical findings. As a design guide the Mil-std 461

distortion limits were used to compare resulting harmonics throughout the

different modulation techniques employed. Dead time compensation techniques

are evaluated after their negative effects are shown. Dithered switching frequency

SVM approaches are shown as an improvement over the original design. Finally,

experimental verification of the system is compared to the simulated system as

proof of theoretical findings.



2.1 Space Vector Drives

In this work, the traction motor drives are controlled using Space Vector

algorithms. In Space Vector Pulse Width Modulation (SVPWM) schemes, the

three-phase system is transformed into an equivalent two-phase system in the d-q

plane by Parks Transformation. The desired output voltage vector is synthesized

as a function of the inverter switching states, as detailed below.

With SVM, a set of three-phase ac voltages yields a single voltage

vector, Vr in the d-q plane [1]. This is achieved using Park's Transformation as

seen in equation 1. The instantaneous output voltages are determined by the state

of the six inverter switches. There are eight possible switching states, which are

shown in Fig. 1 (includes two zero states [1].
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Fig. 1 eight possible switching states
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Each one of the states in Fig. 1 represents a vector in the d-q plane; and these

vectors are shown in Fig. 2. Note that the states V7 and V8 are null states and are

represented in the origin of Fig. 2.

Fig. 2 switching voltage vectors

When the desired voltage vector, VreJ is in the position shown in Fig. 2 over

some time interval, T, it can be defined in terms of the adjacent voltage vector

components and zero states (e.g. Vi, V2, V7, V8) by equating voltage-time

intervals:

V8*+V1*t+V2*tb+V7*=V *T
2 2

ref

where V8, Vi, V2, and V7 are selected for times !-2, ta tb, and -, respectively.

The time durations can be solved as follows [2];

ta =cosa 1sina
Jr

tb = 6cT(i)
Jr

tO = - ta - tb

5



where V is the desired line voltage magnitude normalized to 0.612* and a is

the angle between Vref and the switching voltage vector Va. The pulse pattern

generated by this is shown in Fig. 3.

a (gate 1) 0

b(gate3) 0

'i

Switchstate:a, b,c 0=off, 1 =on

Fig. 3 gating pattern

Fig. 3 shows the progression of switch states required to change from one

state to the next. Each separate pulse pattern represents a switch (e.g. the top

switches are labeled gate I, gate 3, gate 5). Progressing from left to right we see

that for the first time interval (to/2) we are in state 8 (all top switches open), with

the change of leg (a) we pass into state I (This is taking place at the beginning of

time interval ta). Then with the change of switch b (time ib) the circuit

configuration passes into state 2. From state 2 only leg (c) needs to change to pass

into state 7 (Io/2). Now the switches (a,b,c) may stay in this state(7) for to seconds

before passing back into state 2. The progression of switch states then becomes

repeatable for any vector existing in the sector between states 1 and 2 as

8,1,2,7,7,2,1,8,. ..etc. With corresponding time indexes given by to/2, Ia. lb. Io/2.

6

c(gate5) 0 Uj
to
2

00.0 11,0 LQ 0.0 0

2
ta lb lb to

2

Ts



to/2,tb ta,... Referring back to Fig. 1 we see that this pattern does yield minimum

switching, as a maximum of one switching leg is changed per time

interval.(Except for angle 8 0 degrees or 360*n degrees for n = integer)

Following this cycle the reference voltage vector is again determined from Parks

transformation and the process is repeated. Switch cycles can then be determined

for the remaining 5 possible vector sectors resulting in a complete description of

the reference vector, and hence a solution for the resulting gating signals. This

algorithm is used to control the top three switches of the inverter (swl, sw3, sw5)

and the lower three switches are complimentary (opposite) of these.

Assuming the reference vector to lie somewhere between states 1 and 2 it

can be shown that to calculate the necessary time indexes (to/2, ta, tb) the

following equations may be used.

Define a set of balanced three phase voltages:

Va = Vo*sin(wt+pi/2)

Vb Vo*cos(wt2*pi/3+pi/2)

Vc = Vo*cos(wt+2*pi/3+pi/2)

Apply Park's Transformation (1)

rval_2
1-1/2-1/2

o-
2 2

If the desired voltage vector Vref is somewhere between states 1 and 2 (Fig.2), its

normalized magnitude Vs is given as:

Vs
(Va2 +Vfl2)

0.61*Vdc

Va

Vb

Vc

7



Vs 0.65587 @ angle 0 (1) = 0 degrees

8

Its angle 8 is the angle between the corresponding switching vector (in this case

Vi) and the desired voltage vector If the reference vector were in sector two

(between states 2 and 3) the total angle a would be 8+60 degrees, sector 3

(between states 3 and 4) a would be 8+120, etc. Now using equations 2, 3, and

4, the individual time intervals to, ta, tb can be solved. Synthesis of the gating

signals from these time intervals is very straightforward as the pulse train is such

that only one leg can change at a time and the time intervals are well defined. The

gating signal vector is a compilation (starting from 0) of these individual time

vectors with the addition of a small delay to account for the rise time of the

switches.

For example:

ma = 0.8

Desired voltage magnitude Vo = 240.0499 V;

Vdc = 600 V;

Assuming time to start at zero, the values of the individual reference phase

voltages (time domain) are determined.

Va = 240.0499 V Vb = -120.0249 V Vc = -120.0249 V

These result in the alpha and beta voltages given by Parks transformation as

Va =240.0499 V V18 =OV

From which the reference vector (d-q domain) can be determined as:

Now using equation's (2), (3), and (4), the corresponding delay times for the

switch pattern can be determined as:



ta(1) = 0.3O206345759735*le4 s

tb(1)=O

tO(1)/2 = O.l0l49352372658*1e4 s

The individual gate switching time vectors (gate 1, gate3, gate5) are a

composition of six individual time entries per cycle, representing a single "on"

pulse per switch per cycle. Using the constant, repeating magnitude sequence

Magn= [00 110000 11000011...]

And realizing its 6-digit repeating cycle, we are able to easily verify that

only one pulse can exist (and must) per time cycle (0.10101 mS) per switch. The

zeros leading or trailing a corresponding "1" are exactly one rise-time less or

greater then the "1" timestamp to account for the switches need to change states.

All three switches use the same magnitude vector, and simply apply it at the

corresponding times to produce the desired pulse-width on their individual gates.

We re-check our reference vector every 9900 Hz (1/.10 le-3 S) (i.e. 165 times

every 60Hz cycle). Switch l's (swi) gating vector is then given by

swl(1:6) = [0 0.10149352372658 0.10249352372658 0.9086074863744

0.09096074863744 0.10 101010001010] ms

As expected (Fig. 3) the switch's gate (gatel) receives a "zero" pulse for

tO(l)/2 = 0.10149352372658*1e4 seconds. This "zero" value is stamped at the

beginning of the cycle (t=0) and at one risetime prior to the change in magnitude

(t = .10 149352 ms), The "one" pulse then is sent to the gate and lasts for (ta + tb+

tO/2 + tO/2 + tb + ta) 8.07e-5 seconds, stamped at both the beginning and end of

the pulse. This is followed by two "zero" entries, one at a single risetime past the

pulsewidth, and one at the end of cyclel = 0.101 ms. Verified in Fig. 5, (swi's

gating signal is the top pulse train).

9
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Construction of the other two switches (sw3, sw5) gating signals (gate3,

gate5) is done in exactly the same manner, realizing the pattern outlined in the

diagram of Fig. 3 to determine the corresponding time indexes, such that our

pulse patterns obey the time laws outlined in the diagram (e.g. gate3 receives a

"1" pulse after tO/2 + ta seconds which lasts for tb+tO/2+tO/2+tb seconds, gateS

receives a "1" pulse after tO/2+ta+tb seconds which lasts for tO/2+tO/2 seconds).

Upon completion of this first cycle (time = .10101 ms) we again check our

three phase input reference voltages:

Va=239.875 V Vb=-112.013 V Vc=-127.852V

These result in the alpha and beta voltages given as:

Va =239.875 volts Vfi =9.1388 volts

From which the reference vector (d-q domain) can be determined as:

Vs = 0.65587 @ angle 0 (2) = 2.18 18 degrees

Resulting in a new set of switch delay times given by:

ta(2)= O.29520508082041*1e4 s

tb(2) = O.Ol3278790417916*1e4 s

tO(2)/2 = 0.09828331690609*1 e-4 s

From which a set of gate switching time vectors can be composed,

representing the second cycle of our process. Again looking at switch l's gating

signal we can determine its second cycle vector to consist of 6 time entries of

which a single "one" pulse will be constructed.
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swl(7:12) = [0.1010101010101 0.11083843270071 0.11093843270071

0.19219187032959 0.19229187032959 0.20202020102020] mS

Again a "one" pulse will be applied after a delay of tO(2)/2 seconds +

risetime. It will last for (ta(2) + tb(2) + tO(2)/2+ tO(2)/2 + tb(2) + ta(2)) 7. 1525e-

005 seconds. And will be followed by two separate zero timestamps, one at 1

risetime after the end of the pulse, and one at the end of the time cycle t = 0.20202

ms. The other switch time vectors (gate3, gate5) are constructed in the same

manner and always obey the time laws given by Fig. 3.

The cycle is repeated until the simulation time is reached. Summing all of

the cycle vectors into a single consecutive time incrementing gate signal for each

of the respective 3 gates provides the necessary time and magnitude vectors

required to control the switches such that we achieve the desired three-phase

output voltage while minimizing the overall number of switch changes, hence

minimizing switching losses in the inverter, It is important to note that there are

other space vector switching algorithms that could be used; however, this

approach is used for the following simulation.

In this simulation model (Fig. 4), we see the input gating signals (SW 1,

SW2,.. . SW6) being passed to the controlled IGBT switches. The input gating

signals are derived in MATLAB program SVM Switching unction.m by the

method outlined above, and are simply "read in" as vectors by the Simulink

program.



Fig. 4 single converter circuit

The gating signals are defined over 1 period for a 60 Hz desired output

frequency. The switching algorithm is repeated for the desired signal length to

achieve continuous space vector modulation at the design frequency. The 1st, 3rd

and 5th
gating signals shown in Fig. 5 are applied to the 1st, 3rd and 5th IGBT

respectively, and represent the top three switches of the six-switch, two-level

inverter design. This circuit configuration allows individual control of each IGBT

switch to enable a variety of space vector control schemes to be implemented on

the same circuit schematic. The dc-bus line parameters (R4, L4, and C4) are 100

u1, 200 nH, and 2400 tF respectively. These represent actual parameters

proposed for the hybrid electric vehicle.

12



Fig. 5 gating signals

The lower three switches (Fig. 4) are controlled using the complement of

the gating signals(1, 3, 5) in Fig. 5, including a "dead-time" between the top and

bottom switch of each inverter leg to ensure that the dc-bus is not shorted.

The R-L load (Fig. 4) is used as a basic representation of a single traction

motor at rated condition (250kW) operating at a modulation index of 0.8. Its

parameters are determined in the following manner.

2.2 Load Rating and Calculations:

To determine an equivalent circuit which will be representative of a 250

kW single traction motor the following equations (5,6) are used. In equation 5 F

represents the total power of the motor, and it is calculated using the product of

the root mean square (rms) line-to-line voltage and line current. The dc voltage is

maintained at 600 volts. The modulation index (ma) is chosen as a design

parameter to be 0.8 which represents the magnitude of the control signal with

respect to the carrier signal. Knowledge of the power factor angle theta (9)

coupled with the known line-to-line voltage allows for a complete calculation of

the resistive and inductive circuit parameters used to model this system.

13



Pt .J*J/ *1 cos(9) (5)Lrms Lr,ns

VL =(O.6l2)*(ma)*VDc (6)

To determine our theoretical load which represents a 250 kW induction machine

at a modulation index ma = 0.8 we use the aforementioned equations (5, 6). The

given parameters are as follows:

VDC =600V

= 250kW

na=0.8

pf= 0,9

f= 60Hz

Using equations (5), (6) we can determine the theoretical line-to-line rms voltage,

and the line current as:

VL =293.76 V

'Lrms = 545.61 A

For a modulation index of ma = 1, the load should be representative of a 400 kW

machine. To determine the corresponding line parameters ( VLrms 'Lrms) we again

use equations (5), and (6) with I = 400 kW. Using these values the resultant line-

to-line voltage and line current can be determined as:

"rms =367.20V

ILrms =698.802A

14



Analysis requires that we track the reference angle 9 noting that the voltage leads

the current in an induction machine by the angle given by the power factor (25.84

degrees).

Z0 = 0.27993 +j*0.13548

R=0.27993 c

L = 3.5961e-4 H

15

To determine the actual circuit parameters which will be used to represent

this load there is need to keep track of the reference angle 9, The load will be

represented by a simple R-L circuit which will model the 250 kW traction motor.

The following equations (7, 8, 9, and 10) are used to determine the actual values

of the resistance R and inductance L of our simple circuit model. This analysis is

on a per phase basis and hence all three phases will have equal circuit parameters

of values given by R and L.

=Z-30° (7) (line-to-line voltage used as reference)V0

(8)

V
= = R + j * X (9)

'0

X=2*7r*f*L (10)
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These per phase parameters (R, L) are used as the loads for our three phase space

vector modulated inverters.

2.3 Simulink Simulation

Using the model shown in Fig. 4 and reading in the gating vectors from

the Matlab stack, we are able to simulate the proposed system. Driving the IGBT

switches (Fig. 4) with the SVM gating signals outlined, we see the response of our

circuit in the time domain line-to-line voltage and it's Fourier Transform (FFT)

(Fig. 6).
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Fig. 6 line-to-line voltage and FFT

FFT window: 3 of 6 cycles of selected signal
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Fundamental (OHz) 397.7 THD= 85.71%

- 40

The individual frequency components of the dominant harmonics are listed in

table 1.



Table 1 harmonic spectra of line-to-line Voltage

Fig. 7 shows a plot of the time domain dc current (Idc), and its corresponding

FFT. The large ripple superimposed on the dc current is a reflection of the

switching of the IGBT's.
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Line Voltage

Harmonic Order

Fund = 397.73

Frequency (kHz

THD = 85.71%

% Fundamental

161 9.66 11.74

163 9.78 14.75

167 10.02 16.98

169 10.14 11.99

325 19.5 8.1374

329 19.74 48.2813

331 19.86 45.81

335 20.1 8.88

487 29.22 3.644

491 29.46 14.45

493 29.58 19.26

497 29.82 17.35

499 29.94 14

503 30.18 4.09

653 39.18 6.68

655 39.3 11.02

659 39.54 16.23

661 39.66 16.03

665 39.9 10.28



706

600

500

400

300
002 0025 003 0 065

0 0.5 3 3.5 4
4

x 10

0)
CS

2

0
1 1.5 2 2.5

Frequency (Hz)

Figure 7 Idc time domain and FFT

The corresponding magnitudes and frequency locations for the dominant

harmonics associated with this dc current are listed below.

FFT window 3 of6 cycles of selected signal

0.035 0.04 0.045 0.05 0.055 0.06
Time (s)

DC component = 447 THD= 23.95%

16

14

19



Table 2 harmonic spectra of dc current

THD =

ldc Fund = 447 23.45%

%

Frequency Fundamental

20

To check the validity of this analysis a brief summary comparing theoretical

calculations vs. actual simulated line-to-line voltages and line currents is shown

below.

Theoretical: (ma = 0.8) Actual: (ma = 0.8)

1 =250kW P =236kW

VLrnt =293.76(V) VLrms = 282.34 Volts

'Lrms 545.61 (A) 'Lrms = 53 7.259 Amps

Theoretical: (ma = 1.0) Actual: (ma = 1.0)

P, = 400kW P1 = 366.98kW

rms = 367.2 Volts '1rms = 351.7 Volts

'Lrms = 698.8 Amps ILrmS = 669.34 Amps

7.2 2.36

9.36 2.909

9.72 14.898

10.08 13.1577

19.8 12.2385



2.4 Two Traction Motor/Drive System

A preliminary model for our dual inverter system is used to drive two

separate traction motors each representing a 250 kW machine. Fig. 8 shows the

simulation schematic representing this two inverter two traction motor system.

The gating signals for each of the two inverters are identical (i.e. both are driven

with the same gating signal applied at the same instances of time). Both inverters

drive similar loads, each representing a single 250 kW traction motor.

ç.J

H
L

i_ Hu
ii

LUj I

Fig. 8 double inverter/motor schematic
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The corresponding line-to-line voltages generated from one of the two

inverters are shown in Fig. 9. As expected these line-to-line voltages are replicas

of the single converter model, with the only difference being a slight voltage

reduction due to the increased losses associated with the line resistance and its

power dissipation due to the increased current.

Fig. 9 line-to-line voltage (two converter)

The two converter dc current (Idc) can be viewed in Fig. 1 0. There is a great deal

of ripple superimposed on this dc current as can be verified in Fig. 10 while

focusing on its corresponding FFT.
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Fig. 10 Idc two converters

The corresponding magnitudes and frequency locations for this dc current with

the two converters are listed below.

FFT window: 4 of5 cycles of selected signal

DC component = 8901 THD= 40.43%

35

23

0 3 35 4
4

)( 10

002 0 03 0 04 005 006 007 008
Time (s)



Table 3 harmonic spectra for dc current of two converter model

24

2.5 Switching Dead Time Efftcts

To more accurately model the "actual" behavior of IGBT switches, the

gating signals of this converter model have been modified to allow a range of

dead times to be simulated. Dead time is defined as the time required for

assurance that two complimentary switches do not short the dc-bus. The simulated

dead times are replicating the actual times it may take for the IGBT's to change

state. (Due to rise times, fall times, temperature effects, variance in switches, etc.)

In this section the effects of dead times (0, 1, 2, 3, 4, 5 is) are analyzed. The dead

time is implemented as a turn-on delay dead time scheme. This scheme is such

that the turn-on times for the switches have been modified to account for a dead

time delay, whereas the turn-off times are unchanged. This results in an

asymmetrical switching scheme for dead times greater then 0 ts. Results for the

line-to-line voltage, dc-bus current, capacitor voltage, and motor currents are

detailed.

Note: The results for all cases Oj.is, li.is, 211s, 3jis, 4j.ts, 5ts are

summarized in the last table comparison section below, for both Simulink and

PSpice. To prevent excessive figures, full results with figures are presented for

only 0ts and Sps.

ldc Fund = 898.1 THD = 40.43%

Order Frequency (kHz) % Fundamental

9.36 9.5

9.72 35.45

10.08 15.51

19.8 6.1735
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Dead Time = 0 .is:

Fig. 11 shows the line-to-line voltage of the first converter as well as its

FFT. The FFT graph is scaled such that the harmonics are shown as a percentage

of the fundamental.

FFT window 4 of5 cycles of selected signal

-500

-1000
004 0.05

lime (s)

Fundamental 0Hz) = 399.3 ThD 05.36%

50

45

40

a)
E

30

U-

C

20
C)
(a

15

10

5

0
0.5 1 1.5 2 2.5 3 3.5 4

Frequency (Hz) io

Fig. 11 line-to-line voltage (DT=0)

The following table lists the magnitudes and frequency locations of the dominant

harmonics associated with this line voltage signal.



Table 4 harmonic spectra for line voltage with dead time = 0

The dc-bus current for the two converter system can be viewed with its

corresponding FFT in Fig. 12.
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161 9.66 11.74

163 9.78 1475

167 10.02 16.98

169 10.14 11.99

325 19.5 8.1374

329 19.74 48.2813

331 19.86 45.81

335 20.1 8.88

487 29.22 3.644

491 29.46 14.45

493 29.58 19.26

497 29.82 17.35

499 29.94 14

503 30.18 4.09

653 39.18 6.68

655 39.3 11.02

659 39.54 16.23

661 39.66 16.03

665 39.9 10.28

DT = 0 uS

Line Voltage Fund = 399.3 THD = 85.36%

Harmonic

Order Frequency (kHz % Fundamental
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DC component = 098.1 THD= 40.43%

35
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0)

0
E0
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0.5 1 1.5 2 2.5 3

Frequency (Hz)

Fig. 12 Ide (DT=O)

The following table lists the magnitude and frequency locations of the dominant

harmonics associated with the dc-bus current.
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Frequency (1-12)

Fig. 13 Vcapl (DT=0)
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Table 5 harmonic spectra for dc-bus current with dead time = 0

ldc Fund = 898.1 THD = 40.43%

Order Frequency (kHz) % Fundamental

9.36 9.5

9.72 35.45

10.08 15.51

19.8 6.1735

The voltage ripple across the individual capacitors (ci, c2) can be viewed

in Fig. i 3 and Fig. 14 respectively. Associated with each voltage ripple plot is its

corresponding frequency analysis (FFT).

FF1 window 4 of5 Cycles of selected signal

.1

3 35 4

iü
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DC component = 599.6 ThD 028%
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Frequency (Hz)

Fig. 14 Vcap2 (DT=O)

The following table summarizes the data viewed in Fig. 13 and Fig. 14. As listed

there are no harmonic magnitudes greater then 0.65% of the fundamental.
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Table 6 harmonic spectra for dc voltage ripple at capacitors dead time = 0

Vcap2 Fund = 599.8 THD = 0.28%

Frequency

(kHz) % Fundamental

30

Vcapl

Frequency

(kHz)

Fund = 599.9 THD 0.77%

% Fundamental

9 0.0147

9.36 0.17181

9.72 0.64915

10.08 0.29008

10.44 0.034841

19.44 0.020495

19.8 0.23074

20.16 0.020976

39.24 0.0095299

39.6 0.03973

39.96 0.0094551

9 0.012029

9.36 0.0877

9.72 0.17321

10.08 0.023574

10.44 0.0024098

19.44 0.017053

19.8 0.19485

20.16 0.017769

39.24 0.0092115

39.6 0.038372

39.96 0.0091482
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Fig. 15 shows the line current for the dual converter system with a 0 j.ts

dead time. This motor current is as expected, nearly a perfect sine wave with a

very low total harmonic distortion (THD).

FF1 window 4 of5 cycles of selected signal

-500

-1000
0.04 0.05

Time (s)

Fundamental 0Hz) = 759.0 THD 0.64%

0.35

0.3

025
a)
E

0.2

0.15

D)

0.1

0.05

0
1.5 25 3.5 4

4
x 10

No table is included summarizing the data seen in Fig. 15 as the maximum
harmonic content at any frequency does not exceed 0.35% of the fundamental.
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Frequency (Hz)

Fig. 15 I_line (DT 0)
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The following table lists the magnitudes and frequency locations of the dominant

harmonics associated with this line voltage signal.
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Dead Time = 5 uS:

The maximum simulated dead time (5jis) provides an upper limit for the

negative effects we expect to see in the line voltage as well as the dc-bus

response. Fig. 16 shows the line-to-fine voltage for the 5ts dead time case as well

as its corresponding FFT.

1000
FF1 window: 4 of6 cycles of selected signal

500

0

-500

-1000
005

lime (s)

Fundamental 0Hz) = 340.7 THD 97.73%

60

'5n
a)
E
ca 40

Li

3O

20

10

0
0.5 1 1.5 2 2.5 3.5 4

Frequency (Hz)

Fig. 16 Line-to-Line Voltage (DT = 5is)



Table 7 harmonic spectra for line voltage with dead time of 51ts

DT = 5uS

THD

33

There is a significant reduction in the fundamental magnitude of the line-

to-line voltage for the 5 ts case. This magnitude reduction over the 0 ts case is

58.6 V. Furthermore the THD of the system has increased by nearly 12% over

the 0 jis dead time case. In addition we have introduced some lower order

harmonics which were not present for the 0 ts case. These harmonics (5th 7th and

Line Voltage

Harmonic

Order

Fund = 340.7

Frequency

(kHz

97.73%

%

Fundamental

5 0.3 3.73

161 9.66 9.72

163 9.78 12.14

167 10.02 14.07

169 10.14 10.06

325 19.5 7.57

329 19.74 60.7

331 19.86 58.54

335 20.1 8.18

487 29.22 4.34

491 29.46 15.46

493 29.58 20.59

497 29.82 19.37

499 29.94 15.29

503 30.18 4.51

653 39.18 4.67

655 39.3 12.26

659 39.54 4.74

661 39.66 5.477

665 39.9 12.017
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4
x 10

002 0 0

1
1th)

are very low in magnitude (3.73%, 1.22%,l.O1%) when compared to the

fundamental, but are becoming more dominant as the dead time is increased.

Figure 17 shows the dc-bus current for the 5is case.

0.5 1 1.5 2 2.5 3
Frequency (Hz)

Figure 17 dc-bus current (DT=5uS)
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The following table lists the magnitude and frequency locations of the dominant

harmonics associated with the dc-bus current.
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Table 8 harmonic spectra for dc-bus current with dead time of 5 ts

THD

Idc Fund =680.8 31.71%

%

Order Frequency(kHz) Fundamental

When compared with the 0 ts dead time case, the 5ts dead time has decreased

the dc fundamental current by 217.3 A. This significant reduction in the dc

current is an effect of the increased off times of the switches. Fig. 18 and Fig. 19

show the capacitor voltages (Vc 1, Vc2) respectively.

FF1 window: 4 of6 cycles of selected signal
6W

1 15 2 25 3 36 4

Frequency (Hz)

Fig. 18 Vcapl (DT=5i.$)
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The following table lists the harmonic content at the specified frequencies for the

ripple on the two capacitors as seen in figures 18, and 19 respectively.
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FF1 window 4 016 cycles of selected signal
603
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660

599
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0.03 004 005 006 007

Time (s)

DC component = 599 9 ThD= 022%

1 15 2 25 3

Frequency (Hz)

Fig. 19 Vcap2 (DT=5ts)



Table 9 harmonic spectra for dc ripple at capacitors with dead time of 5ts

Fig. 20 shows the line current for the 5jis case.
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Vcap2

Frequency (kHz)

Fund 599.8

%Fundamental
9 0.0096366

9.36 0.074432
9.72 0.10068
10.08 0.014229
10.44 0.0019883
19.44 0.0125
19.8 0.18221

20.16 0.013
29.16 0.0055916
29.52 0.01 8253
29.88 0.018234
30.24 0.0055656
39.24 0.0092238
39.6 0.01 3309

39.96 0.00911

Vcapl

Frequency (kHz)

Fund = 599.9

% Fundamental
9 001166

9.36 0.14375
9.72 0.37823
10.08 0.16978
10.44 0.032269
19.44 0.014844
19.8 0.21579

20.16 0.015378
29.16 0.005967
29.52 0.01 941

29.88 0.019413
30.24 0.0059
39.24 0.0095211
39.6 0.013787
39.96 0.0094978
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Fig. 20 I_line (DT 5ts)

When compared to the 0 ts dead time case we see a reduction in the line

currents of 111.4 A for the fundamental. Lower order harmonics become present

in the current (I_line) signal for the 5ts case, and the line current sine wave is

distorted showing these adverse effects.

To verify this dual converter analysis a second simulation tool (PSpice) is

used. Fig. 21 shows the circuit schematic used for the PSpice implementation.
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Fig. 21 PSpice schematic

The gating signals are read into PSpice from our Matlab file; SVM

Switching Function.m. The IGBT's used for the simulation in PSpice are rated at

1200 V and 200 A. Although we exceed the amperage rating for the IGBT's in

our simulation there are no additional measured losses associated with a

breakdown of the device. Furthermore an additional diode is inserted across each

switch to allow for a "free wheeling" characteristic during switching. Analysis of

all simulated data (0ts, lj.ts, 2i.ts, 3j.is, 4ts, 5jis) is earned out in PSpice to help

prove the correlation/validation of the Simulink results. The results for all cases

Opts, lts, 21.ls, 31.ts, 4ts, 5ts are summarized in the following table.
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Table 10 Comparison Section: for all dead time cases

(0.is, lts, 2ps, 3ts, 4..ts, 5ts)

40

Simulink Simulink Simulink Paice Pspice Pspice Pspice

Line Voltage
Harmonic

DT OIJS

Fund 399.3
Frequency (kHz

THD 8536/

./

OTrOuS
Line Voltage Fund 398.841

Harmonic Frequency

DT:OuS

Value

161 9.66 11.740 161 8.66 47.601 11.936
163 9.78 14.750 163 9.78 65.592 16.447
167 10.02 16.980 167 10.02 67.708 16.978
169 10.14 11.990 169 10.14 49.723 12.468
325 19.5 8.137 325 19.5 34.912 8.754
329 19.74 48.281 329 19.74 188.312 47.218
331 19.88 45.810 331 19.86 185.139 46.423
335 20.1 8.880 335 20.1 37.028 .9.285
487 29.22 3.644 487 29.22 15.617 3.916
491 29.46 14.450 491 29.46 56.927 14.274
493 29.58 19.260 493 29.58 75.083 18 .822
497 29.82 17.350 497 29.82 73.048 18.316
499 29.94 14.000 498 29.94 55.919 14.021
503 30.18 4.090 503 30.18 16 .121 4.042
653 39.18 6.680 653 39.18 28.212 7.074
655 39.3 11.020 655 39.3 42.821 10.737
659 39.54 16.230 659 39.54 71.537 17.938
661 39.66 16.030 661 39.66 71.537 17.938
665 39.9 10.280 665 39.9 41.31 10.358

dc Fund 898.1 THO 40.43% DC Fund 899.0 01=0

Order Frequency fkH1 Fundamental Frequency Value %undarnental

Vcapl

Frequencg
kHz)

8

Fund 599.9

% Fundamental
0.0147

THD 0.77% Vcapl

Frequency
tkH)

9

Fund r 599.0

Value
0.325

DT 0

Fundamental
0.054248944

9.36 017181 9.36 31047 0.518236
9.72 064915 9.72 2.8823 0481113
10.08 0.29008 10.08 1.5224 0.254118747
10.44 0.034841 10.44 0.205268 0.034263299
19.44 0.020495 19.44 0.119739 0.019986813
19.8 0.23074 19.8 1.3599 0.226994275

20.16 0.020976 20.16 0.119479 0.019943414
39.24 0.0095299 39.24 0.05987 0.00999349
39.6 0.03973 39.6 0.239479 0.039973794

39.96 0.0094551 39.96 0.051317 0.008565825

Vcap2 Fund = 599.8 THOr 0.28% Vcap2 und r 599.82 OT = 0

Frequency Frequency
(kHz) % Fundamental (kHz Value Fundamental

9 0.012029 9 0.145592 0.024272453
9.36 0.0877 9.36 1.2846 0.2141628
972 0.17321 932 0.60806 0.1013731
10.08 0.023574 19.44 0.111335 0.018561278
10.44 0.0024098 19.8 1.1733 0.195607378
19.44 0.017053 20.16 0.111335 0.018561278
19.8 0.19485 29.52 0.137 0.022840033

20.16 0.017789 29.88 0.137 0.022840033
39.24 0.0092115 39.24 0.051 0.008502494
39.8 0.038372 39.6 0.2398 0.039978394

39.96 0.0091482 39.96 0.051 0.008502494

9.3 9500 9.36 260.48 28.974117
9.72 35.450 9.72 234.0 26.034726
10.08 15.510 10.08 118.54 13.18532196

19.8 6,174 19.8 52.852 5.878780463
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Simulink Pspice Pspice

Line Voltage

Harmonic

DI luS
Fund 388.1

Frequency

THU 87.68 Line Voltage

Harmonic

Fund 387.61

Frequency (Khz)

DI 1uS

Value

161 9.66 11.52 161 9.66 46.068 11.88495831
163 9.78 14.3 163 3.78 60.430 15.53017172
167 10.02 16.28 167 10.02 64.396 16.61334329
169 10.14 11.59 189 10,14 46.068 11.88495831
325 13.5 8.12 325 19.5 34.056 8.786015025
329 19.74 50.58 329 19.74 193.808 50
331 19.86 48.44 331 19.86 190.093 43.04157723
335 20.1 8.625 335 20.1 34.675 8.945709155
487 29.22 3.83 487 29.22 15.108 2.897671923
491 23.46 14.7 491 29.46 57.210 14.75945265
493 29.58 19.53 433 29.58 74.800 19.29744902
497 29.82 17.94 497 29.82 73.300 18.91046809
499 29.94 14.5 433 29.94 55.975 14.44082836
502 30.18 4.12 503 30.18 15.851 4.089356477
653 39.18 6.38 653 39.18 26.250 6.772166268
655 39.3 11.3 16 655 39.3 43.591 11.2459238
59 39.54 14.68 659 29.54 63.301 16.48564559
661 29.66 14.61 661 29.66 64.644 16.67732014
665 39.9 10.73 665 39.9 41.858 10.79882183

Vcapl Fund 599.3

Frequency
(kH) Fundamental

9 0.012274
936 016102
9.12 0.58528
10.08 0.26415
10.44 0.034943
19.44 0.019314
19.8 0.23007
20.16 0.019335
29.16 0.0056867
29.52 0.023181

29.88 0.023001
30.24 0.0057377
39.24 0.0095746
39.6 0.035118

39.96 0.0095497

THU 0.58' Vcapl

Frequency
(kH)

9

9.36
9.72
10.08

10.44
19.44

19.8

20.16
39.24
39.6

39.96

Fund 599.914

Value
0.359
3.406
2.725

1.412

0.211

0.116

1.356
0.111

0.059
0.215

0.056

UT 1 uS

Fundamental
0.060
0.568
0.454
0.235
0.035
0.019

0.226
0.019
0.010
0.036
0.009

Vcap2 Fund 599.8

Frequency (kHz) '.Fundamental

THU 0.25Y Vcap2

Frequency

Fund 599.832

Value

UT 1 uS

9 30.059 3.524
9.36 9.525 9.36 285.558 33.475
9.72 33.75 9.72 221683 25.987
10.08 14.81 10.08 109.902 12.883
13.8 6.49 19.8 52.603 6.166

9 0.011651

9.36 0.0823 9 0.167 0.028
9.72 015579 9.36 1.435 0239
10.08 0.022014 9.72 0.604 0.101
10.44 no entry 10.08 0.042 0.007
19.44 0.016225 10.44 0.019 0.003
19.8 0.19423 19.44 0.1 0.017

20.16 0.016822 19.8 1.166 0.194
29.16 0.0053632 20.16 0.104 0.017
29.52 0.021771 29.24 0.056 0.009
29.88 0.021603 39.6 0.211 0.035
30.24 0.0052702 39.96 0.055 0.009
39.24 0.009257
39.6 0.02386
39.96 0.00917

dc Fund 853.1 THU 28.73 lOC Fund 853.06 UT1 uS

Frequencg
Order (kH) Fundamental Frequency Value 'Jundamental



Simulink
DT 2uS

Line Voltage Fund 376.4 THD r 90.07

Harmonic Frequency

Frequencg

DC Fund 807.794 DT 2 uS

Frequency Value '.fundamental

Vcapl Fund r 599 .918 DI 2uS

Frequency
(kH) Value Fundamental
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Pspice Pspice

Line Voltage

Harmonic

Fund 375.819

Frequenc

DI 2uS

Value

161 9.66 43.123 11.47440656
163 9.78 56.423 15.01334419
167 10.02 60.252 16.03218571
169 10.14 43.235 11.50420814

325 19.5 32.24 8.578597676
329 19.74 198.49 52.81531801

331 19.86 194.46 51.7429933
335 20.1 33.25 8.847344067
487 29.22 15.315 4.075099982
491 29.46 56.83 15.121641

493 29.58 74.56 19.83933755
497 29.82 72.95 19.41093984
499 29.94 55.42 14.7464604
503 30.18 15.92 4.236081731
653 39.18 23.88 6.354122596
655 39.3 43.68 11.62261621

659 39.54 55.1 14.67727816
661 39.66 56.22 14.95932883
665 39.9 42.32 11.26073988

161 3.66 11.11

163 9.78 13.75
167 10.02 15.72
169 10.14 11.24

325 19.5 7.99
329 13.74 53.13
331 19.86 50.99
335 20.1 8.33
487 29.22 3.97
491 29.46 15.05
493 29.58 19.88
497 29.82 18.36
499 29.94 14.83
503 30.18 4.24
653 39.18 5.99
655 38.3 11.61

659 39.54 12.71

661 39.66 12.81

665 39.3 11.1

9 0.332 0.055340897
9.36 3.275 05459079
9.72 2.479 0.4132231
10.08 1.3 0.216696282
10.44 0.201 0.033504579
18.44 0.11 0.018335839
19.8 1.345 0.224197307
20.16 0.106 0.017669081
39.24 0.06 0.010001367
39.6 0.186 0.031004237
39.96 0.056 0.009334609

Vcap2 Fund 599.8 THO 0.26>

(kHz '.Fundamental
9 0.011666

9.36 0.080676
9.12 0.13977
10.08 0.019904
10.44 no entry
19.44 0.015319
19.8 0.1927
20.16 0.015811

29.16 0.0055179
29.52 0.021067
29.88 0.020926
30.24 0,0053918
39.24 0.0092467
39.6 0.028988
39.96 0.00.92201

Vcapl

Frequency
(kHz

Fund 599.9 THO 0.64>

Fundamental
9 0.013409

9.36 0i5633
9.72 0.52528
10.08 0.2376
10.44 0.035192
19.44 0.018197
19.8 0.22826

20.16 0.018667
29.16 0.0058395
29.52 0.022423
29.88 0.022229
30.24 0.0057823
39.24 0.009564
39.6 0.030043

39.96 0.0095782

Vcap2 Fund 599.842 DT 2uS

Frequenci Value

9 0.159 0.02650698
9.38 1402 0.2337282
9.72 0.559 0.0931912
10.08 0.049 0.008168818
10.44 0.018 0.00300079
19.44 0.084 0.015670793
19.8 1.158 0.193050837

20.1 0.097 0.016170925

39.24 0.056 0.009335792
39.6 0.18 0.030007902
38.9 0.055 0.009169081

9 27,96 3.461278494
9.36 275.06 34.05076
9.78 201.16 24.976665
10.08 101.259 12.53525032

19.8 52.595 6.510942146

Idc Fund 808.5 THO 36.83/

Frequenc(kH 1'
Order zJ Fundamental

9.36 941
9.72 31.784
10.08 14.09

19.8 6.79



Frequency (kHz '.Fundamental

Vcapl Fund 599.923 UT 3u8

Frequency
(kHzl Value Fundamental

Vcap2 Fund 599.85 UT 3u3

Frequency Value
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Simulink Pspice Pspice

Line Voltage

Harmonic

UT 3u3
Fund 364.6

Frequenc9

THU Line Voltage

Harmonic

Fund = 363.73

Frequenc9

UT 3uS

Value
5 0.3 2.09 5 0.3 8.06 2.215929398

161 9.66 10.66 161 9.66 40.05 11.01091469
163 $78 13.19 163 9.78 52.6 14.46127622
167 10.02 15.15 167 10.02 56.07 15.41528057
169 10.14 1026 169 10.14 40.6 11.13463283
325 19.5 7.857 325 19.5 30.23 8.311109889
329 19.74 55.68 329 19.74 201.76 55.46971655
331 19.86 53.53 331 19.86 197.99 54.43323344

335 20.1 8.42 335 20.1 31.74 8.72625299
487 29.22 4.11 487 29.22 15.32 4.211915432
491 29.46 15.29 491 29.46 56.02 15.4015341
493 29.58 20.17 493 29.58 73.75 20.27602892
497 29.82 18.726 497 29.82 72.34 19.88837874
499 29.94 15.06 499 29.94 54.61 15.01388392
503 30.18 4.35 503 30.18 15.72 4.321887114
653 39.18 5.55 653 39.18 21.46 5.899980755
655 39.3 11.86 655 39.3 43.53 11.96766833
659 39.54 10.38 659 39.54 45.64 12.54776895
661 39.66 10.66 661 39.66 46.85 12.88043329
665 39.9 11.44 665 39.9 42.47 11.67624337

9 0.0111113

9.36 0.079942 9 0.144 0.024006002
9.72 0i2614 9.36 1.33 0.2217221
10.08 0.017681 9.72 0.51 0.0850213
10.44 10.08 0.049 0.008168709
19.44 0.014361 10.44 0.016 0.002667334
19.8 0.19013 19.44 0.088 0.014670334

20.16 0.014939 19.8 1.14 0.190047512
29.16 0.0055618 20.16 0.091 0.015170459
29.52 0.020236 39.24 0.056 0.009335667
29.88 0.020128 39.6 0.149 0.024839543
30.24 0.005489 39.96 0.055 0.009168959
39.24 0.0092964
39.6 0.023867
39.96 0.0092128

Vcapl

Frequenog
1kHz)

9

Fund 699.9

Fundamental
0.013256

THU 0.58<

9.36 0.155
972 0.47353
10.08 0.2129
10.44 0.034224
19.44 0.017087
19.8 0.2252
20.16 0.01764
29.16 0.0069305
29.52 0.021519

29.88 0.021425

30.24 0.0058622
39.24 0.0096065
39.6 0.024733
39.96 0.00958

Vcap2 Fund 599.8 THD 0.25Y

9 0.28212 0.047026035
9.36 3.08 0.5100655
9.72 2.24 0.3733813
10.08 1.18 0.196691909
10.44 0.201 0.0335043
19.44 0.106 0.017668934
19.8 1.33 0.221695118

20.16 0.102 0.017002182
39.24 0.06 0.010001283
39.6 0.156 0.026003337
39.96 0.067 0.009501219

9 24.18 3.166330566
9.36 9674 9.36 25768 33.742765
972 23.96 9.78 182.12 23.848309
10.08 13.35 10.08 92.19 12.07212634
19.8 7.05 19.8 51,84 6.788361313

do Fund 765 THU 35.05< DC Fund 763.66 UT 3u3

Frequenc9kH
Order ) Fundamental Frequenci Value >Jundamental



Simulink

dc Fund 722.5 THU 33.42 DC Fund 720.36 DI 4u8

Frequency Value YJundamenral

Voapi Fund 599.93 UT r 3u9

Frequency
(kHz) Value Fundamental

44

Pspice Ppice

Line Voltage Fund

Harmonic

= 351.64

Frequency

UT r 4u8

Value
5 0.3 11.08 3.150949835

161 9.66 37.03 10.53065635
163 8.78 48.82 13.88351723
167 10.02 52.29 14.87032182
169 10.14 37.78 10.74394267
325 19.5 28.72 8.167443977
329 19.74 204.79 58.23853942
331 18.86 201.01 57.16357638
335 20.1 30.23 8.596860425
487 29.22 15.32 4.356728472
491 29.46 54.81 15.58696394

493 29.58 72.75 20.68877261
497 29.82 71.54 20.34467069
499 29.94 53.4 15.18598567

503 30.18 15.57 4.427823911
653 38.18 19.13 5.457285861
655 39.3 43.22 12.29097941
659 39.54 35.21 10.01308156

661 39.66 36.73 10.44534183

665 39.9 42.47 12.0776931

Line Voltage

Harmonic

DTr 4rjS
Fund 352.7 THUr 95.05

Frequency
5 0.3 2.8835

161 9.66 10.19

163 9.78 12.66
167 10.02 14.61

169 10.14 10.48
325 19.5 7.7
329 19.74 58.2066
331 19.86 56.05
335 20.1 8.29
487 29.22 4.21

491 29.46 15.42
493 29.58 20.42
497 29.82 18.08
499 29.94 15.23
503 30.18 4.42
653 39.18 5.12

655 39.3 12.1

659 39.54 7.69
'361 39.66 8.2
665 39.9 11.77

9 0.242 0.04033851
9.36 2.58 04300552
9.72 2.03 0.3383768
10.08 1.07 0,178356222
10.44 0.204 0.034004364
19.44 0.098 0.01633543
19.8 1.31 0.218361356

20.16 0.094 0.015668677
39.24 0.061 0.010167972
39.6 0.123 0.020502631

39.96 0.057 0.009501219

Vcapl

Frequency
(kHzJ

Fund 599.9 THUr

Fundamental
9 0.012937

9.3 0.14508
9.72 0.42242
10.08 0.19144

10.44 0.033726
19.44 0.015979
19.8 0.22093

20.16 0.016498
29.16 0.005956
29.52 0.020532
29.88 0.020486
30.24 0.0058838
39.24 0.0095791
39.6 0.019255

39.86 0.009569

Vcap2 Fund 599.86 DI 3u8

Frequency Value

9 0.127 0.021171607

9.36 1.14 0.1900443
9.72 0.468 0.0780182
10.08 0.054 0.0090021
10.44 0.015 0.002500583
19.44 0.082 0.013668856
19.8 1.12 0.186710232

20.16 0.085 0.014169973

39.24 0.055 0.009168806
39.6 0.116 0.019337845

39.96 0.055 0.009168806

Vcap2

Frequency kHz .FundamentaI
9 0.010684

Fund 599.8 THU 0.23

9.36 0.075352
9.72 011241
10.08 0.016394
10.44 0.013442
19.44 0.18662
19.8 0.013956
20.16

29.16 0.005607
29.52 0.019285
29.88 0.019212

30.24 0.0055518
39.24 0.0092967
39.6 0.018585

39.86 0.0091985

9 20.4 2.8319174
9.36 216.877 30.106752

9.72 164.74 22.869121
10.08 83.88 11.64417791

19.8 51.08 7.090898995

FrequencykH
Order z) Fundamental

6 113 1.53
15 9.36
162 972 28.23
168 10.08 12.67

330 19.8 7.37



Simulink
DT 5uS

Line Voltage Fund 340.7 THD 9773y.

H&monic Frequency
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Pspice Pspice

Line Voltage

Harmonic

Fund 339.55

Frequency

Ut: SuS

Value
5 0.3 14.11 4.155499926

161 9.66 34.16 10.06037402
163 9.78 45.19 13.30879105
167 10.02 48.51 14.28655574
169 10.14 35.06 10.32543072
325 19.5 27.2 8.010602268
329 19.74 207.05 60.97776469
331 19.86 203.28 59.86747165
335 20.1 28.72 8.458253571
487 29.22 15.11 4.450007363
491 29.46 53 15.60889412
493 29.58 71.54 21.06906199
497 29.82 70.53 20.77160948
499 29.34 51.99 15.31144161

503 30.18 15.32 4.511853924
653 39.18 16.93 4.886010897
655 39.3 42.62 12.55190694
659 39.54 24.33 7.165365925
661 39.66 26.3 7.745545575

665 39.9 42.02 12.37520247

5 0.3 3.73
161 9.66 9.72
163 9.78 12.14

167 10.02 14.07
169 10.14 10.06
325 19.5 7.57
329 19.74 80.7
331 19.86 58.54
335 20.1 8.18

487 29.22 4.34
481 29.46 15.46
493 29.58 20.59
497 29.82 19.37
499 29.94 15.29
503 30.18 4.51

653 39.18 4.67
655 39.3 12.26
659 39.54 4.74
861 39.66 5.477
665 39.9 12.017

9 0.196 0.032703731
936 2.199 8.3669158
9.72 1836 0.3063412
10.08 0.967 0.161349529
10.44 0.196 0.032703731
19.44 0.091 0.015183875

19.8 1.281 0.213742241

20.16 0.087 0.014516452
39.24 0.06 0.010011346

39.6 0.089 0.014850164

39.96 0.056 0.009343923

Vcapl

Frequencj
(kHJ

Fund 589.9 THO = 0.48

Fundameriral
9 0.01166

9.36 0.14315
9.72 0.37823
10.08 0.16978
10.44 0.032269
19.44 0.014844
19.8 0.21573
20.16 0.015378
29.16 0.005967
29.52 0.01941

29.88 0.019413

30.24 0.0058
39.24 0.0095211

39,6 0.013787
39.96 0.0094978

Vcap2

Frequency

Fund 599.867

Value

DI SuS

9 0.108 0.018003991

9.36 09$2 0.16537
9.12 0428 00713491
10.08 0.05 0.008335181
10.44 0.013 0.002167147
19.44 0.076 0.012669475
19.8 1.094 0.18237376

20.16 0.079 0.013169586

39.24 0.054 0.009001995
39.6 0.084 0.014003104

39.86 0.055 0.009168699

Vcap2 Fund 599.8

Frequency (kHz '.Fundamental

THO 0.22

3 0.0096366
936 0.074432
9.72 010068
10.08 0.014229
10.44 0.0019883
13.44 0.0125
13.8 0.18221
20.16 0.013

29.16 0.0055916
29.52 0.018253
29.88 0.018234

30.24 0.0055656
39.24 0.0032238
39.6 0.013309
39.86 0.00911

Frequency

DC Fund 678.3 DI: 5uS

Value Fundamental
9 18.625 2.4509804

9.36 185.39 27.331564
9.72 149.62 22.05808633
10.08 76.07 11.21480171

19.8 50.18 7.397906531

Veapl Fund 599.32 UT = SuS

Frequency
(kHzJ Value Fundamental

0.38 2
9.36 9.43
9.72 26.48

10.08 11.96

19.8 7.63

ldc Fund 680.8 THD 31.71

FrequencykH
Order z) Fundamental
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Analysis has shown excellent correlation across the different simulation

platforms as seen in the tables. There exists a discrepancy between the two

simulation platforms in the dc current harmonic analysis namely at the bolded

type in the tables. This is further causing a small discrepancy in the capacitor

voltage ripple harmonics around the 9k-bk range. However further out in the

frequency spectrum of the capacitor voltages we see the two simulation platforms

once again in agreement. Different characteristics in the IGBT models used

between the two simulation platforms are credited as the source of these

discrepancies.

2.6 Mil-std 461 Comparison (2 I.ls average dead time)

The following figures show the Mil-std 461 curves (28V, 440V, 600V,

relaxed 600V) superimposed on the FFT of the capacitor voltage harmonics. One

plot is shown for each capacitor, representing the input to each of the two

inverters for the following cases. The frequencies of the simulation parameters are

listed below and a dead time of 2 ts was used in all cases (since it was indicated

that 2 ts was the expected average). Switching frequencies of 9900Hz and

7500Hz are used to compare system response to different switching frequencies.

Fundamental frequencies of 60Hz, 500Hz, and 900Hz are employed.

Fswitch = 9900Hz

Fswitch = 9900Hz

Fswitch = 9900Hz

Fswitch = 7500Hz

Fswitch = 7500Hz

Fswitch = 7500Hz

Fmod = 60Hz

Fmod = 5 00Hz

Fmod = 900Hz

Fmod = 60Hz

Fmod = 5 00Hz

Fmod = 900Hz

Fig. 22, 23

Fig. 24, 25

Fig. 26, 27

Fig. 28, 29

Fig. 30,31

Fig. 32, 33
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Inverter #1 ift
2 OOE+OO 60 Hz, Fsw 9900, TD 2us

1 .50E+OO

0
>
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5 OOE-01
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Fig. 22

Inverter 2 ift
60 Hz, Fsw 9900, TD 2us
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Inverter #1 ift
2 00E+00 500 Hz, Fsw 9900, TD 2us

Inverter 2 ift
2 OOE+00
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0 OOE+00

1 OE+00 1 OE+04 2 OE+04 Freq Hz3 OE+04 4 OE-s-04 5 OE+04 6 OE+04

Fig. 26
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0 OOE+00
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Fig. 28

Inverter 2 Ifi
2 OOE+0O 60 Hz. Fsw 7500, TD2us
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MIL-STD-461, Fig CE1O2-1, 440V

MIL-STD-461, Fig CE1O2-1, 600V

Inverter 2 V(C2 2,C2 1)

Fig 1-3 Propulsion Bus Distortion Spectrum

MIL-STD-461, Fig CE1O2-1, 26V

MIL-STD-461, Fig CE1O2-1, 440V

MIL-STD-461, Fig CE1C2-1 600V
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Inverter 2 fft
2 OOE+00 500 Hz. Fsw 7500. TD2us

1 50E+00
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Inverter #1 fft
2 OOE+OO 900 Hz, Fsw 7500, TD2us
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2.7 Summary and Observations of Mil-std 461 Comparison

When evaluating to determine the optimum switching frequency for a

60Hz modulation, several observations were made; the voltage on the two dc-bus

inverter capacitors exhibit different magnitudes in harmonic content, and non-

synchronization of the gating patterns results in different magnitudes.

Several possible methods for evaluating switching frequency results are:

Compare overall Total Harmonic Distortion (THD) calculations.

Summing the FFT magnitude of the two capacitor's at each harmonic

frequency of interest and then comparing these summations for the

different tested switching frequencies.

Apply greater weighting to lower frequency harmonics based on the

component sizes required by the simulation (using passive filtering) to

meet the Mil-std 461. (to address how to handle higher order, e.g. 10MHz,

harmonics)

2.8 Dead Time Compensation Techniques

There exist many techniques which allow compensation for the negative

effects caused by the dead time of the switches. One technique, the "Pulse Based

Method" analyzes the effects on a pulse by pulse basis, correcting each pulse

accordingly by referencing only the direction of the load current [4]. This

technique checks the polarity of the load current at the beginning and midpoint of

each cycle. The turn on time is then updated at the beginning of each cycle,

whereas the device turn off time is updated at the midpoint of each cycle [4]. If

the current is positive, an error pulse is added to the beginning of the ideal pulse

such that when the signal is passed through the dead time counter the desired

"ideal" pulse is what is sent to the gates. If the current is negative an error pulse is

subtracted from the end of the ideal pulse such that when it is processed through

the dead time counter the "ideal" pulse is again sent to the gates [4].
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A second approach to compensating for the negative effects of this dead

time is introduced as "Novel Dead Time Compensation" [5]. In this technique the

delay times ta, tb, and tO are modified and a new time Tcom is introduced as a

variable, allowing for iterative trials to minimize the effects of the dead time on

the desired voltage and current signals [5]. This technique again uses the polarity

of the current to help in the analysis of the new turn on and turn off times of the

switches. Tcom introduces an extra degree of freedom which allows the control

algorithm to minimize the distortion and voltage drop effects associated with the

inherent dead times [5].

2.9 Optimum Harmonic Elimination Techniques

Optimum switching frequencies can be investigated for minimum

harmonic content. For example, for SVM, frequencies other then odd, triplen

multiples of the fundamental (well suited for sinusoidal pulse width modulation

(SPWM) can be analyzed to see the effects on the dc current and capacitor voltage

ripple [6]. In [6] it is suggested that implementing a phase shift between the

carrier and the reference waveforms can allow a reduction in the harmonics

associated with the switching, and an optimal phase shift may be determined

which will minimize the harmonics. The goal is to minimize the harmonics

caused by switching before trying to filter or mitigate them.

Active filtering is another well known technique associated with the

elimination of harmonics. The use of fully digital control techniques is becoming

the norm when examining the advantages in flexibility, insensitivity to aging

effects, ease of implementation and upgrade, and the fact that low cost, fast

processing digital signal processors (DSP's) are readily available. Active filtering

is the process of eliminating harmonics in real time, however there is an inherent

delay associated with the processor time required to update the information, as

well as a delay in the implementation of the filtering strategy. There exist

techniques which minimize this delay time, and others which try to predict future

values of the current such that this error is minimized [7], [8].
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2.10 Line Parameter Macro for Initializing Parameters

To more easily allow for changes in dc-bus location, and dc-bus intrinsic

characteristics, a control file has been implemented which allows the user

of the simulation programs to be able to edit all line parameters from a

single file. The Matlab/Simulink software allows the user this capability

through the global variable function. A global variable, when declared, is

stored in the workspace memory and can be accessed by any program

running on the workspace. This allows the user to distribute line

impedances such that a single value may be entered which then determines

all the bus inductance, resistance, and capacitance values. (e.g. we can

define all inductances and resistances on a per foot basis, then put a single

set of these parameters for each foot of the dc-bus. When the equipment

(inverters, rectifiers) is connected to the bus, its location will determine

the impedance it sees.) All simulations are set up with distributed line

parameters allowing for multiple simulations to use the same global

variables which are declared in the control file by the user.

2.11 RedraftedMiL STD 461 Curves

The next set of curves show the dc voltage response of the two converter

system across the capacitors at each respective converter, and corresponding Mil-

std 461 curves superimposed on the FFT waveforms (log/log). Figures 34-39

show the response of the system when a switching frequency of 7.5kHz is applied

as the gating signal frequency. Curves are shown for each specified output

frequency 900Hz, 500Hz and 60Hz. Data points can be selected (double-click)

and exact values of the FFT can be determined for any frequency point out to 1

MHz.
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A second set of Mil-std 461 curves has been drafted at a switching frequency of

9.9kHz. Figures 40-45 show the response across the terminals of the 2 respective

inverters (inverter 1, inverter 2) for a range of output frequencies (900Hz, 500Hz

and 60 Hz)
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These curves (Fig. 34-45) represent the dc voltage response of the system

and are used as a preliminary design guide. They allow for an initial insight into

the behavior of our simulation model to multiple switching and modulation

frequencies.

2.12 Braking Resistor

To accommodate the need of dumping power in a case when the ac

traction motors are supplying energy back into the dc-link a hysterisis control

loop has been designed to switch voltage across a braking resistor. Using a simple

switching device (IGBT) we are able to control the dc-bus voltage. This loop

allows the user to control the voltage level of the dc-bus making sure not to

exceed the switches blocking voltage capabilities and design constraints. The

braking control circuit has been simulated using PSpice and a diode rectifier. The

control algorithm is: (Regulated at 65OVdc increasing, 100% duty cycle at 680

Vdc, 0% Duty cycle at 63OVdc, and linear in between). The control circuit is set
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up to enable at 65OVdc increasing and disable at 6lOVdc decreasing and is shown

in Fig. 46.

Fig. 46 braking circuit

0

Fig. 47 diode rectifier, 200Hz source with ramp change

The control circuit samples the dc-bus voltage after it is filtered with a low

pass filter to reduce oscillation. This filtered signal is shown in green in Fig. 48.

This basic circuit was developed to show the control system braking response to a

ramped change in dc supply voltage (Blue signal of Fig. 48) from 200Hz ac to dc
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generation as shown in Fig. 47. The dc supply in Fig. 47 assumes a 0.04 ohm

internal resistance to allow for real source behavior. This basic circuit will need

modifications such as supply, and brake resistor characteristics before additional

simulations are run. Once this control methodology is verified as appropriate,

additional testing can be done with different test scenarios of voltage, frequency,

and inverter loads.

Fig. 48 braking circuit response

The test results in Fig. 48 show the ramped supply voltage (blue), the filtered

positive dc-bus voltage (green), and the actual dc-bus voltage (red). In Fig. 48 it is

seen that the controlled bus voltage is lowered to about 654Vdc and the IGBT's

are operating at 48% duty cycle. The FFT of the dc-bus voltage is shown in Fig.

49 and was simulated with resistive loads. No notable harmonics were observed.
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The operation of the dc voltage control in the event where the traction

motors supply energy back through the dc-link can be further optimized to

accommodate any control limits. Simulation has shown feasibility with relative

ease at a small parts count.

2.13 Diode Rectfier

A diode rectifier was simulated with the proposed 2 converter system to

see the effects of using a non-ideal source as the dc-bus. Voltages are shown at

the input to each of the 2 converters across the corresponding capacitors (CI, C2).

As seen in Fig. 50, the diode bridge is connected across the terminals of three ac

sources and used to power the 2 converter system.
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Fig. 50. diode rectifier connected to dual converter system

A 200 Hz input frequency is chosen as a first design guide. With Cl = C2

= 2400 tF the dc voltage (input to inverter 1) as well as its corresponding FFT

when applied to the dual 250 kW systems is shown in Fig. 51.
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As seen in Fig. 51 there exists almost 70 V of ripple which cannot be

smoothed due to the size of the capacitance. The fundamental value is 602. 1 V

and contains a total harmonic distortion (THD) of 5.34%. To further reduce the

ripple seen in the dc voltage at the terminals to inverter 1, the dc-link capacitance

is increased I order of magnitude to 24000 tF. This is done to bring the voltage

ripple to an acceptable value. Fig. 52 shows the resulting dc voltage waveforms

for the input terminals of inverter 1. The increased capacitance has more then

halved the voltage ripple providing a higher fundamental voltage value of 617.3 V

with a much reduced THD of 1.68%.

Nu,*er el cycles:

Displey FFT window

FlrrdMnertal lreciue'xy (Hz):

Mex Freqency (Hz)

14583

Frejerrcy 503:

Hertz

Her (r&s5ve to Forin or DC)

r
Disploy Close

67

Stt lose (s)
I°°

E

1)
ID



U :3

0

Ms FeqerCy (Nfl

[I

615

J
610

$

06

0 045
Time (s)

0040 03

FFT window: 1 of 6 cycles of selected signal

05 15 2 25 3.5 4

Frequency (Hz) 4
s 10

Fig. 52 Vdc inverter 1 with Cl = C2 = 24000 tF

Similarly Fig. 53 and Fig. 54 show the dc-bus voltage at the terminals to

inverter 2 (across capacitor C2). Fig. 53 has the initial 2400 tF capacitor, whereas

Fig. 54 uses the increased value of 24000F's.
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It is observed that with the increased value of capacitance the dc-bus

voltage ripple is significantly reduced, resulting in a higher fundamental value for

the dc component as well as a greatly improved THD. Design constraints limit the

dc-bus capacitance, however simulation of the proposed system limits the ripple

allowed on the bus, corrective action was taken to show what value for bus

capacitance would allow the simulation to be within design constraints for dc

voltage ripple.

The diode rectifier was again simulated with the 2 converter traction drive

model with an increased input frequency of 1 kHz. For this simulation the

capacitance values were again set to the proposed 2400 j.ff, resulting in the

waveform at the input to inverter 1 shown in Fig. 55.

FFT window. 1 ofE cycles of selected signal

Fig. 56 shows the voltage at the input to inverter 1 with an increased capacitance

value ofCl C2 24000 jiF. Similar to the 200 Hz case we see an improvement
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in both dc fundamental as well as total harmonic distortion. The voltage ripple is

bounded by an envelope no greater then 6 V as seen in Fig. 56.
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Fig. 56 Vdc inverter 1 with Cl = C2 = 24000 pF

Similar results apply to the second inverters dc voltage and thus are

omitted. If the bus capacitance is further increased we see an increase in the

fundamental and a corresponding decrease in both the voltage ripple and the total

harmonic distortion. Further it should be noted that with an increased input

frequency the dc voltage will have a lower magnitude of ripple.

3 Active Rectifier Investigations

Pulse width modulated (PWM) ac/dc rectifiers exhibit improved input and

output performance. Various control strategies and topologies have been

proposed, largely focused on generating sinusoidal input currents at unity power

factor, employing sinusoidal PWM (SPWM) and space vector PWM (SVM).

Topologies range from simple unidirectional switching schemes tracking
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Fig. 57 schematic of typical PWM boost rectifier

A great deal of research and simulation time has been devoted to the

design and analysis of a single level multi-phase active rectifier, and filter. The

resulting findings are documented below.

3.1 H-bridge Investigation

Initial investigation has shown a tendency for H-bridge active converter

topologies to be arranged almost exclusively as multilevel converters. Many

papers [9] [10] [11] [12] have shown the advantages of using a multilevel H-

bridge topology for sinusoidal input currents, as it applies to large traction drive

systems, while minimizing the stresses on the individual fast switching devices

(IGBT's). There exist multiple control schemes for the active rectifier each having

its own desired tradeoffs (e.g. better input line current waveform and lower

harmonic output). No papers were found which specifically targeted the dc-bus

harmonic suppression/elimination of voltage harmonics in an active rectifier
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reference currents (top switch "on" if respective current is positive, bottom "on" if

negative, using one leg to freewheel to ensure a current path), to the typical PWM

boost rectifier. The active rectifier shown in Fig. 57 has been implemented using

SPWM control to draw sinusoidal input currents; however, additional current

control is needed.

I
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mode of operation. Instead, the focus is on passive filter approaches for dc-bus

harmonic minimization. However there are control schemes which allow a

minimal amount of dc ripple at the cost of input line current waveforms, which

may further be tailored to this application. The proposed scheme is designed as a

two-level three-phase active rectifier, and its control is based on proportional-

integral voltage and current feedback loops [10]. This design does not focus on

active filtering, and an active/passive filter would still need to be designed in

addition to the rectifier.

Research has shown that many of the active filters documented are

designed to reduce line harmonics on the ac side, this because multilevel

topologies allow for a better voltage approximation (small step increase with

more levels) and hence a less distorted input line current, and many filters are

designed to address the ac waveform standards. If the capacitors are arranged

properly a higher dc level may be obtained as the sum of the individual voltage

capabilities of the respective capacitors allowing for a lower voltage rating for

each capacitor. Adapting these filtering techniques to control the harmonics on the

dc-bus rather then the ac side is an interesting research topic in itself and future

analysis is pending completion of proposed control circuitry. Other control

techniques are being investigated, and performance is being compared for this

specific application [11] [9].

3.2 Combination Active Rectijier/Filter Analysis:

We have also investigated the ability to use an active rectifier as an active

filter, using a standard rectifier topology employing bi-directional switches. As a

first step in this evaluation, the lower frequency harmonics are evaluated.

Harmonics for a single switching frequency (fs=7 .5 kHz, chosen to match the

inverter switching frequency for harmonic mitigation) and a single rectifier

input/generator frequency (f=200Hz) are expected to occur at the values shown in

the harmonic colunm of table ii below. These harmonics and associated

sidebands occur as a function of the transfer function of the rectifier. Note also in



table lithe 100 Hz harmonic is produced as a consequence of the non integer

selection of fs.

Table 11: harmonics of rectifier filter.
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The harmonics were verified to exist using two different switching

schemes. The first scheme (greatest phase) uses the highest absolute magnitude

positive and negative phase for the sine triangle comparison to generate the

control for the rectifier unidirectional switches (this is along the lines of diode

rectifier operation, only here we are using PWM). The second switching approach

Observed

Freq (Hz)

peak

Harmonic Magnitude for

greatest phase

switching (V)

Magnitude for

Si, S2, S3

switching (V)

100 Sub 3.29 5.65

1.20k 6f 11.4 8.58

6.90k 7.5k-3f 0.502 3.6

8.10k 7.5k+3f 0.391 3.26

13.8k 2fs-6f 0.478 0.449

15.0k 2fs 1.57 1.55

16.2k 2fs+6f 0.355 .414

20.7k 3fs-9f 0.281 0.112

21.9k 3fs-3f 0,11 0.923

23.1k 3fs+3f 0.108 0.619

24.3k 3fs+9 0.0233 0.0972

28.8k 4fs-6f 0.0724 0.133

30.0k 4fs 0.180 0.110

3 1.2k 4fs+6f 0.0657 0.0782

Notes:

Vdc 610 611

Required

VLLrnIS

422 520
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uses switching functions (S 1, S2, S3) from a DSP controlled resonant active filter

to derive a line-to-line comparison and control of bidirectional rectifier switches.

In the simulation, ideal switches with IGBT resistance parameters were used to

improve simulation time and convergence. Both rectifiers had the line-to-line

voltage adjusted to achieve 61 OVdc on the bus with a modulation ratio of 0.9. It is

seen in table 1 that both switching schemes produce the same harmonic spikes

with similar amplitudes and verifies the predicted harmonics. The results of these

switching functions FFT's are shown in Fig. 58.

I OOE+02

1 OOE*O1

1 OOE+02 1 OOE'03 1 OOE+04 1 OOE*05

froq

Fig. 58 comparison of switching schemes and harmonic generation in active
rectifier

It is desired that the rectifier produce cancellation harmonics to be placed

on the dc-bus to eliminate inverter generated harmonics. One method used for

creating these harmonics was to use multiple switching frequencies of different

magnitudes and then using this signal to drive the sine triangle switching

functions. A second approach was to superimpose multiple control frequencies of

varying magnitudes onto the 200 Hz modulating/control signal. In addition, cases

were investigated adding a second triangle wave of a different switching
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frequency for a test case of harmonic elimination. In general, the results of this

investigation were that the harmonic generation took precedence over the rectified

dc signal and this created out of sequence switching consequences, The most

apparent observation from simulation was that the additional modified switching

frequencies caused an amplitude modulated signal in the switching signal and

over modulation in the gating signals. This created significant lower order

harmonics as seen in Fig. 58.

Two problems have been identified with this approach. First the desired

harmonics can only be generated as a function of the rectifier and this function

would require that both the generator frequency and switching frequency

continually shift to match inverter generated harmonics. The second issue is the

generation of lower order harmonics as a result of introducing a third frequency to

the switching function. Realizing these limitations, it appears that this method

would not yield high enough harmonic cancellation performance. The rectifier

will produce lower line-to-line voltage requirements, less low order harmonics,

and smaller filters by using a fixed integer switching frequency with a greatest

magnitude switching scheme.

4 Experimental With Two Interconnected Drives:

The hardware test station is shown in Fig. 59. The inverter dc-busses are

tied together. The dc generators are connected to the motors, the generators are

connected to load banks, and field controls for the generators are established. One

of the WEG variable frequency drives (VFD's) is used to rectify the input line

voltage into a dc voltage where it feeds the second inverter. This allows for the

use of a single source to power both of the WEG VFD's. It further makes

measurements more accurate as a single dc-link is used rather then trying to sum

the response of the system across two separate dc-links.



Fig. 59 experimental setup with two interconnected drives

4.1 Changes to original simulation to match experimental

To match the experimental setup of the dual drive system a few

modifications have been made to the simulation parameters. The switching

frequency was changed from 10kHz to 5kHz to match that of the W1jariable

frequency drives (VFD's). A diode rectifier has been added as the front-end of the

inverters to simulate what is experimentally going on inside the WEG VFD's.

Further the load has been changed from a 250 kW induction machine per inverter
ep up Transformerto a 9.375 kW load to represent the capabilities of the test bed in the lab. The

to 460 Vac

machines used to load the motors can be driven to a maximum of 15 kW, this

value was taken to represent the 400kW burst that is required of our simulation

results. The 9.375 kW was chosen as a scaled percent of the system (250/400,

9.375/15). This required the inverters to source voltage at a fundamental

frequency of 90 Hz, driving the WEG induction motors at 1325 rpm. System

inductance has been included to represent the laboratory configuration.

77



fsw = 5 kHz

P_load = 9.3 75 kw

f_source = 60 Hz

f fund = 90.1 Hz (inverter output/motor input frequency)

To more accurately model the system under test, the equivalent circuit of

the WEG induction machines have been determined through a series of tests.

Results from the locked rotor, no load, and winding resistance tests lead to the

following determination of the equivalent circuit (Fig. 60).

V

Fig. 60 per-phase equivalent circuit (60Hz)

From this, the equivalent circuit has been reduced to a series combination

of a single resistor (Rload) and a single inductor (Lload) for use in our

simulations. Scaling has been done to account for the increased applied frequency

of 90.1 Hz. This scaling must occur before conversion to a single series RL circuit

used in the simulations.

Fig. 61 shows the Simulink simulation circuit used to simulate the diode

rectifiers, JGBT inverters and loads representative of our 9.375 kW machines.
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Fig. 61 simulation circuit experimental case (9.375 kW)

4.2 Comparison of simulated vs experimental

Our simulated DC voltage is shown in Fig. 62. From the simulation we see

the dominant harmonic content to exist at 360 Hz (from the "six-pulse" operation,

yielding 6*60=360Hz), with minor lobes at 90Hz, and 720Hz, and very small

lobes at 540Hz, and 1080Hz as listed below. Table 12 lists the magnitudes and

location of these harmonics.
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Table 12: harmonic comparison of simulated vs. experimental

Frequency Magnitude

DC 597.6 Volts

60Hz 0.15865

90 Hz 0.12803 Volts

360Hz 1.6014 Volts

540 Hz, 1080 Hz 0.0524 Volts

720 Hz 0.1287 Volts

Fig. 63 shows a zoomed plot of the experimental dc voltage and its

corresponding FFT is shown in Fig. 64. The ripple is bounded by an envelope
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which is no greater then I OV peak-to-peak. The mean value of our experimental

dc voltage is 597V.

Fig. 63 Vdc ripple experimental
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Fig. 64 Vdc FFT 0-10kHz experimental

As can be seen from the FFT plot there exists nearly 1.6 volts at the 360

Hz frequency as predicted by the simulation. However determination to the

precise magnitudes of the lower magnitude harmonic spectra have been difficult

as limited by the software of the digital scope, and the noise in our acquisition

equipment. Fig. 65 shows a zoomed plot of the dc voltage FFT as simulated in the

Matlab script. Fig. 66 shows a zoomed plot of the dc voltage FFT experimental,

and again is meant to show the correlation in frequency locations of the dominant

harmonics.
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Fig. 66 Vdc FFT zoomed to 0-i kHz Experimental
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For comparison purposes the dc currents, both experimental and

simulated, are shown next. Fig. 67 shows the simulated dc current waveform and

its associated harmonic content out to 1 kHz. Fig. 68 shows the corresponding

experimental dc current and its associated harmonic content. The trends of the

two plots are very similar with differences arising in the magnitude of the 540 Hz

component in the simulated figure. Certain tuning parameters (line inductance,

resistance) were estimated in order to simulate the experimental setup, and can be

attributed to the differences in the two plots. Future research will present the

actual harmonic magnitude levels in graphs with Mil-std 461 curves

superimposed.
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Comparison of the dc waveforms yielded good correlation. The

simulation parameters used are listed in the control file. A dead time of 2 us was

used for the IGBT switches, and the documented space vector switching scheme

outlined is implemented. These do not reflect the same switching scheme used in

the WEG adjustable speed drives (ASD's), however the switching frequencies

were matched (5kHz), allowing for an initial comparison of the simulated scheme.

The simulated ac line-to-line voltage is shown in Fig. 69.
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Figure 70 shows the captured experimental line voltage waveform applied

to the WEG motors. The general trend past the 10kHz frequency band is very

similar to the simulated waveform, however discrepancies arise as to the

magnitudes of the two waveforms for the balance of the frequency band of

interest. Future analysis and determination of the SVM method used by WEG will

enable a better fit for the data.
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The switching frequency of the simulated system due to its "centered

pulse" control to minimize switching losses (only one inverter "leg" switches for

each state change), tracks the same voltage vector twice in each switching interval

and therefore pushes the dominant output frequency to twice the switching

frequency. The WEG SVM switching pattern does not reflect this same trend as

shown in Fig. 70. The simulated model effectively pushes the higher magnitude

harmonics to 10kHz (Figure 69), while the experimental contains its most

dominate harmonics around the 5kHz frequency.

The last initial comparisons made were the respective line currents fed to

the motors from our drive system. Fig. 71 shows a plot of the simulated line

current and its corresponding FFT.
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Fig. 72 shows the experimental DC current out to 40 kHz. The same trend is seen

in the current spectrum as was discussed in reference to the line voltage spectrum.

Fig. 72 1_line experimental 0-40 kHz
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5 Dithered/Random Space Vector PWM

To spread the concentrated inverter switching harmonic energy across a

wider frequency band, dithering approaches have been investigated [13], [22].

The fundamental approach is such that the switching frequency is changed every

cycle based on a random number between some lower limit (fswitch minimum)

and some upper limit (fswitch maximum). Thus there is nearly no repetitive

switching frequency, and hence the energy associated with switching the

transistors will be spread across the frequency spectrum between fsw_min, and

fsw_max. A second approach uses a set of predefined curves to concentrate the

switching energy towards the upper and lower bounds of the frequency range.

A schematic of the circuit under test has been included as Fig. 73. As seen

in the figure there exists a 2400 jiF capacitor at the terminals of each inverter,

referencing the point of measurement for our dc-bus voltage. Measurements are

taken at all nodes to ensure a complete characterization of this operating

condition.



Fig. 73 schematic of circuit under test

The first pseudo-random SVM technique uses the random number

generator of Matlab to choose a switching frequency between the programmed

lower and upper switch frequencies [dither test.m]. As the range of switching

frequencies is increased we see a corresponding spreading of the energy across

the spectrum. However, as the range is widened, the resonance of the inductor and

dc-bus capacitor begin to become more dominant. If the range is chosen too

wide, the overall performance degrades resulting in a no-pass condition with

regard to the Mil-std 461. Optimizing the pseudo-random SVM technique with

respect to the 440V relaxed curve has shown that an fswitch_min = 7.5kHz and

fswitchmax = 10kHz results in a very promising frequency response.
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Fig. 74 example curve for pseudo-random technique #2

The x-axis (0-5k) represents the possible random number selection limits,

whereas the y-axis lists the possible switching frequencies of interest. For every

random number generated (0-5k) there exists a switching frequency (7.5-10kHz).

The exponential curve can be tailored to move the energy further towards the

bounds of the switching range if desired. Fig. 74 shows that for any random

number generated between 1000 and 3200, the resultant switch frequency will be

constrained between 7500Hz and 8000Hz, thus concentrating much of the

The second pseudo-random SVM technique is introduced to move the

inherent concentration of switching energy from the midpoint between

fswitchmin and fswitch max to locations further to the ends of the frequency

spectrum defined by our mm and max points. This technique selects a switching

frequency from a predefined set of switching frequencies located on either the

exponential or linear curve as seen in Fig. 74 [13].
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Fig. 75 Fsw = 7.5 kHz no dither

As can be examined in Fig. 75, the system fails to meet the proposed spec line for

many frequencies out to 100 kllz.

Fig. 76 shows the frequency response of the system to a fixed switching

frequency of 10 kHz.
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switching energy to exist at or near the lower bound. This curve can be further

tailored to move the dominant switching energy to any point between the lower

and upper limit, thus giving full control of the frequency response of the two

inverter system.

This next section compares the results for all cases (pseudo-random #1,

pseudo-random #2, and fixed switching frequency with no dither applied). The

curves are shown individually as well as together and the results are discussed

following each. For all cases the Mil-std 461 440V relaxed curve is superimposed

to show necessary spec criteria. Fig. 75 shows the fixed 7.5 kHz switching

frequency SVM response at the terminals of inverter 1.
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Fig. 76 Fsw = 10 kHz no dither

Fig. 76 shows that the system again fails to meet the proposed spec line

for a switching frequency of 10 kHz. Fig. 77 shows the frequency response of the

system dc voltage to pseudo-random SVM approach #1 (L1N_SVM). As can be

seen in the figure, this technique spreads the dominant switching energy over a

larger range of frequencies. This approach results in less violations of the

proposed spec, especially when considering the higher order harmonics (>40kHz).

Further, the magnitude of the second order carrier frequency harmonic has been

dramatically reduced as there is no single switching frequency with which to

create this harmonic. However, there does begin to exist a resonant harmonic

caused from the L-C combination of dc-bus passive elements which becomes

significant at and around the resonant frequency of 3.98 kHz. This became one of

the optimizing parameters, as the range of allowable switching frequencies was

increased to the point where this resonance magnitude just passed the Mil-std 461

spec.
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Fig. 77. LIN_SVM 7.5-10 kI-Iz

Fig. 78 shows the response of the system to the pseudo-random approach #2

(EXP_SVM). As can be seen in the figure, the response of the system to this

switching scheme is very similar to the UN SVM case. The energy associated

with the switching is spread across the 7.5 - 10 kHz range, and the resonance

condition still exists.
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To better compare between the UN SVM, and the EXP SVM, Fig. 79 shows

both curves plotted on the same graph, with the proposed spec line.
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The responses seen in Fig. 79 show that both dithered SVM schemes

behave very similar across the entire frequency spectrum. Differences arise at

specific frequencies (10 and 20 kHz) where the EXP_SVM has lower magnitude

at 10kHz and the LIN_EXP responds with lower magnitude at 20kHz. However if

compared across the entire listed frequency spectrum (0- 1Mhz) the two responses

are very similar. Finally, Fig. 80 shows all curves (7.5kHz fixed, 10kHz fixed,

LTh SVM, and EXP SVM) to allow a comparison of the different switching

techniques on a single graph.
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Fig. 80 Comparison of Different Switching Techniques

Fig. 80 shows that the dithered switching scheme (either LIN SVM or

EXPSVM) produces a better frequency response when compared with that of the

fixed switching scheme (7.5kHz and 10kHz) throughout the entire spectrum.

However the system is still not capable of passing the proposed Mil-std 461 spec

for all frequencies of interest with the capacitance values of 2400pF. Fig. 81

shows the data displayed in Fig. 80 with a semi-log scale so that actual

magnitudes (linear) may be easily interpreted.
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Fig. 81 Semi-log plot of all switching schemes

5.1 Meeting the Redrafled Mil-std 461 specijication

As a design guide, an increased value of capacitance of 6500 tF has been

simulated at the terminals of the two respective inverters showing that with the

increased capacitance the Mil-std 461 can be achieved. The capacitance was

slowly increased until any of the proposed schemes passed for all frequency

values. Once one of the proposed methods passed, the capacitance was recorded

at 6500 jiF, and all proposed methods were simulated at this capacitance value to

show the corresponding results.

6500 jtF simulations:

Following the same outline as above, the results for the increased

capacitance are as follows. Fig. 82 shows the fixed 7.5 kHz switching frequency

applied to the same model as in Fig. 73, with the exception of increased dc-bus

capacitance.

97

lftvdc INY I TD2, 2cep 2400uF few 7 5k fixed fftvdc INV 1, T02, 2cap, 2400uF, few 75k - 10k un

fftvdc INV I TD2, 2cap, 2400uF, fsw 75k-I 0k hypdin fftvdc INV I 1D2. 2cap, 2400uF, fsw 10k fixed
- - MIL-STD-461 Fig CE1 02-1 440V



Two Capacitor G500uF. Fsw Comparison

Freq

Fig. 82 Fsw = 7.5 kllz

Fig. 82 shows that with the increased value of capacitance we are still not able to

meet the spec for the 7.5 kHz fixed switching frequency case. Fig. 83 shows the

results of the dc-bus voltage frequency response for a 10 kHz fixed switching

frequency.
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Fig. 83 Fsw = 10 kHz

Fig. 83 shows that at 10kHz we have a slight improvement over the 7.5

kI-Iz case as we only fail to meet he proposed specification in two instances

whereas for the 7.5 kflz case we failed to meet the specification curve in four

separate frequency locations.

Fig. 84 shows the LIN_SVM response for a switching frequency range from 7.5

kHz to 10 kHz. As seen in the plot the system passes the given 440V specification

limit for all frequency values. This switching scheme was the first to pass all

given specifications and exhibited the best frequency response for the given

capacitance of 6500 j.tF.



I JOE.O6

cv.

Two CaDacitor6500uF. Fsw CemDanson

1 300E.02

1 200E.02

1 100E*02

S

> 1 0008.02

0

9 000E.01

8 000E.01

7 0008+01

B 0008.01

1 0008.03

The peak values of the frequency response plot shown in Fig. 84 are

seemingly equal and can be attributed to the general spreading nature of our

proposed dither driven SVM gating scheme. As can be seen, the system passes for

all frequencies out to and including 1 MHz. Fig. 85 shows the response of our

EXP_SVM switching technique. As can be seen in the figure we fail to meet the

criteria for all given frequencies, namely we violate the 440V curve at 1

frequency location.
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Fig. 86 shows both the UN SVM as well as the EXP SVM on the same

plot to compare the differences in the two proposed dither oriented schemes. Fig.

87 shows all switching schemes on a single plot. Here it can be determined that

for the 6500 jiF capacitance the UN SVM is the only switching scheme which

passes the desired MIL-46 1 std. curve for all frequencies. It should be noted

however that this was for a single set of random numbers generated by the Matlab

script, and a different set of random numbers will have a slightly different

response.
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Fig. 87 comparison of all switch schemes
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From the simulations it is shown that for a random dithered switching

frequency with an increase in the dc-bus capacitance from 2400 to 6500 tF all

specifications for the 440V relaxed curve can be met. Further it is shown that a

random dithering technique yields better results for a given switching range then

does any of the other proposed techniques. The dc-bus resonant harmonics begin

to dominate for variable/random switching frequency schemes, however

advantage can be taken of their existence such that we spread our total energy

over a wider frequency range.

5.2 Simulation of Random versus Linear Sweep Frequency

Selection

Based on previous investigations and findings of random switching

frequency selection and the observation that specific frequencies were

exaggerated in magnitude (e.g. at resonance points) with respect to the rest, it was

suggested that more selectivity be applied to the random frequency pool.

Additionally it was hypothesized that a linear frequency sweep of the same

frequency range from low to high might be more effective at distributing energy

across the spectrum. To investigate these optimization approaches, circuit

simulations were performed using PSpice with the SVM gating signals generated

by Matlab. The first comparison made was a linear sweep frequency range of

7.5kHz to 10kHz, versus random frequency selection over the same range. As

seen in Fig. 88 the linearly swept frequency approach results in slightly lower

magnitude harmonics than the random selection. In both approaches (random

versus swept) the frequency resolution was 1 Hz.



8

I QO0E.O

flvdc. tsw 7 5k-bk Random

fftvdc tsw 7 5k 10k Sweep

MLSTD-461 Fg CE1O2-1 440V

t COE. )4 I 00EQe

Two Inverter 2400uF, Fsw Comparison

I 3L1OE+02

1 21J0E+02

I 1I]OE+U2

>

>
I UOIiE fl7

0
-J

9 UlJflEOl

6 000E+fJl

I OOOEO3

Freq

Fig. 88 random vs. swept switching frequency

With a swept range of 7.5kHz to 10kHz established as the best performing

reference, several lower frequency sweep ranges were selected that coincide with

the lower magnitude (<90dB) regions of the swept reference. As seen in Fig. 89,

none of the lower frequency ranges tested performed as well as the reference. It is

worth noting that the points of high magnitude occur at twice the applied

switching frequencies (2fs). As will be observed in the experimental/simulated

comparison testing, switching approaches exist that can help lower the magnitude

of this higher frequency 2fs harmonic. The 5.8 kflz -7.4 kHz and 7.5 kHz -10

kHz test cases might benefit by such an improved gating scheme by lowering the

2fs magnitude as much as possible but without violating the Mu-spec at the 1 fs

region of the curve.
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Opportunity for improvement may exist with switching frequencies above

the 10 kHz level. To investigate possibilities for reduced harmonics several ranges

were swept above 10 kHz. Fig. 90 shows the comparison of these tests. From

observation of the 7.5 kHz to 10 kHz case, the region between 9.8 kHz and 14.8

kHz was less than 80dB in magnitude and appeared to be a promising region.

However, this frequency range did not perform as well as the 7.5 kHz to 10 kllz

case. The last two frequency ranges 11.8 kHz -14.8 kHz and 14kHz -14.8kHz

show that higher frequencies will result in lower dB peak magnitudes at higher

frequencies with slight dB improvements at those frequencies exceeding the Mil-

std 461 spec curve. It is also noteworthy that the ranges of these two simulations

are significantly different (800 vs. 3000 Hz) but still give similar performance.

These better performing frequencies were also tested for capacitance values

needed to pass the Mil-std 461 specifications. As seen in Fig. 91 the capacitance

required to meet spec (within 1dB below curve) is reduced to 5000uF for either of

these two higher frequency ranges.

Two Capacitor 2400uF, Inverter 1, TD.2, swept Fsw Comparison
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fftvdc INIV 1 TD2, 2cap, 6500uF, few 7 5k-lOk sweep linear
fftvdc INN 1 TD2, 2cap, 5000uF, few 14k-14 8k sweep linear
fftvdc NV 1 1D2, 2cap, 5000uF, few 11 .8k-14 Ok sweep linear
fftvdc INV 1 TD2, 2cap, 6500uF, few 14k-14 Bk sweep linear
ffivdc INV 1 102, 2cap, 6500uF, few 11 8k-14 Bk sweep linear
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These random-dithered and sweep simulations reveal that a swept

frequency range performs as well or slightly better than random frequency

selection. Ranges over which the frequencies are swept may be best selected

based on the low magnitude resonant response of the circuit. Furthermore, raising

the switching frequency range above 10 kHz allows for a 1 500uF reduction in the

capacitance needed to meet the Mil-std 461 spec curve as compared to the 7.5

kHz - 10 kHz range tested. This iterative simulation process was performed for a

single control frequency of 60Hz and while it certainly establishes an argument

for selectively sweeping the switching frequency in desired bands, it does not

represent the full spectrum of effects that will occur in the actual system with

control frequencies on two independent drives ranging from 0 to 900Hz nor for

the effects of other auxiliaries on the dc-bus.

Analytically predicting the infinite possibilities of the main and auxiliary

drive configurations and their associated frequency response is a practical

impossibility. As seen in these many observations of system response to

configuration changes it appears that a dynamic control mechanism for switching

frequency may be a good approach. It might be possible to implement a system

that periodically performs linear switching frequency sweeps in order to sample

the frequency response of the circuit, and determine resonant frequencies. This

frequency spectrum response would allow a system to employ algorithms that

target and or exclude specific switching frequencies over a range of allowed

frequencies. In addition to the selection of frequencies based on system response,

care should be taken to choose frequencies that do not produce complementary

harmonic responses [15]. If it is determined that using a large frequency pool is

impractical, it should be possible to implement a limited frequency pool and

achieve similar results [15]. One simulation was run with a 6 frequency pool [6.3,

7.6, 8.9, 10.0, 10.5, and 11.2 kHz] for validation of this approach, as seen in Fig.

92 this shows some promise.



fftvdc NV 1, TD2, 2cap. 6500uF, fsw 7 5k-lOk sweep knear

fftvdc NV 1, TD2. 2cap 5000uF fsw 14k-14 Bk sweep linear
fftvdc NV 1 102. 2cap 5000uF few 11 8k-14 Bk sweep linear

MIL-STD-461. Fig CE1O2-l. 440V

fftvdc IV 1 TD2 2cap. 6SOOuF 6 freq pool

Two Capacitor, Fsw and Cap Comparison

3OCIE-O2

1 2[91E+02

1 100E02

1 IJQ0E02

9 000E-O I
>

g
-I

0
7 C100E. 01

S UU0E0 1

S ilCiCJE-O 1

I 000ECl3 1 CIOOE-CI4

Freq

Fig. 92 comparison of pool frequency selection

5.3 Experimental and Simulation Compatibility

In order to validate model accuracy, simulations of the test setup were

performed using the single inverter case. Initial comparisons between simulated

and experimental harmonic content revealed significant differences. In particular,

the simulated case showed a dominant harmonic at twice the switching frequency

(2*fs = 10kHz) that was more than twice the magnitude of that seen on the

experimental. It was suspected and proven that differences in the gating scheme

between simulated and experimental were the source of this deviation.

Using the Tektronix 5104 oscilloscope connected to the WEG inverter

gate signals and downloading the gate signals to Matlab allowed for a more

detailed analysis of the signals. Some instances of non symmetrical space vector

modulation (SVM) and frequent occurrences where the switches were gated on or

off for the entire switching cycle were found. These two issues made the Matlab

generated SVM gating control signals incompatible for comparison with the WEG

experimental test station. Given the overall goal of simulating the experimental
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and verifying accuracy of the simulation strategy, the best approach is to use the

same gate signals for the real and simulated cases.

In order to use the same gate signals between simulated and experimental,

it was most effective to extract the actual WEG controller gate signals from each

of the six IGBT gate inputs on the circuit board. These analog values were

collected with 1 OOns (lOOe-9 second) resolution over a sample period of lOOms.

At this resolution, the gating signal files are extremely large, and thus

significantly slow down the simulation time. In the future, either the resolution

can be reduced, or the computer capabilities (memory and speed) need to be

enhanced. These signals were digitized for use as gate signals in the Simulink

model. Shown in Fig. 93 is a sample of the extracted and digitized signals. The

two magnitude and time vectors used for the 4.3kW and 9.3 kW simulations are

included in the appendix. In the future, the SVM gating signals generated in

Matlab could also be used to control the WEG inverters through an interface

circuit.

02 04 06 06 07 06 00 1

Time(soc)

oe

H 06

04

02

04 0.6 06 07 06 09
Tume(sec)

Fig. 93 extracting and digitizing gate signals



Fig. 94 simulation matching experimental setup

The simulation parameters are given as:

Va 382 Volts

Vb = 379 Volts

Vc 385 Volts

110

5.4 Experimental vs Simulated

Using the captured WEG drive gating signals, a comprehensive

comparison of simulated vs. experimental drive systems has been completed to

determine the accuracy of the simulation model. Load parameters for the

simulated model were constructed using a series of locked rotor and no-load tests

from which an equivalent circuit has been constructed, and reduced to a single

resistor and inductor combination, modeling the motor load. Line parameters and

source inductance were estimated to help better approximate the experimental

results. Further the three phase source voltages were found experimentally to have

a slight imbalance and this was also reflected in the simulation model. High

frequency capacitors (0.22 pF) were inserted into the dc-bus simulation as a

reflection of the WEG drive schematic. Fig. 94 shows the schematic of the

proposed simulation model with the inclusion of the experimental parameters.
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C 2350 jiF

C_high_freq = 0.22 1iF

Lsource = 0.9902 mU

Rdc = 0.1 m

And can also be found in the Matlab code global_parameters.m included in the

appendix.

Two load points were compared, 9.3 75 kW (95.5 Hz) and 4.3 kW (60 Hz).

Each load point is compared to its experimental counterpart. Special care was

taken to re-calculate the load for the 95.5 Hz case, and those load parameters are

also included in the Matlab generated code.

Case 1: 9.3 75 kW (95.5 Hz)

Fig. 95 shows the line voltage FFT response of the experimental setup out

to and including 125 kHz. Its corresponding simulated counterpart is shown for

comparison purposes as Fig. 96.
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Fig. 96 simulated line voltage FFT

Comparing Fig. 95 and Fig. 96 we see a very close correlation between the

simulated and experimental line voltage FFT's out to and including 40 kHz.

Beyond this point it is difficult to determine the magnitude of the dominant

harmonics in the experimental waveform as the noise floor magnitude is of the

same order as that of the representative harmonics. A zoomed screen capture of

the line voltage FFT for the experimental setup is shown in Fig. 97, followed by

its respective simulated line voltage FFT in Fig. 98. The frequency axis was

chosen to highlight the specific areas of interest for the comparison of the

proposed systems.
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Fig. 97 and Fig. 98 show excellent correlation around the 5 kl-lz frequency

band, with the major difference being the larger magnitude of the simulated FFT

response. Fig. 99 and Fig.100 show the next frequency band of interest, namely

7.5 kHz to 17.5 kHz representing the next two major resonances of the switching

frequency.
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Fig. 99 experimental line voltage FFT
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The two sets of curves again show very good correlation with magnitudes

of the most dominant peaks and their respective sidebands within a small percent

error. As a final comparison for the line voltage Fig. 101 and Fig. 102 show the

first 8 resonance frequencies of the experimental and simulated line voltage

FFT's.
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Fig. 103 shows the dc-bus FFT response of the experimental setup out to

12 kHz. The harmonic content contained in the FFT past this 12 kHz frequency

point is not shown as its magnitude of specific points cannot be distinguished

from the noise floor. Further it is increasingly difficult to make use of the lower

order (and more dominant harmonics) when looking at a large frequency band.
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2 000000
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>

1 000000

000 4000 6000 8000

FreqiHz

Fig. 103 experimental dc voltage FFT

The corresponding simulated dc-bus FFT is shown in Fig. 104 for direct

comparison. Comparing the results of Fig. 103 and Fig. 104, there exists excellent

correlation for nearly all frequency points with the exception of the 5 kHz spike

that exists only in the experimental and does not emerge in the simulated results.

This indicates that the dc-link parameters in the simulation are not exactly

matched to the dc-link components in the hardware, such as bus-bar parameters

etc.
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Fig. 104 simulated FFT dc-bus voltage

Zooming in on the experimental dc-bus FFT we see the imbalance of the

source voltage emerging and causing some dominant lower order harmonics

across the terminals of the dc link capacitor. Fig. 105 shows a zoomed version of

the data contained in Fig. 103. Fig. 106 shows the corresponding zoomed version

of the simulated dc-bus voltage FFT.
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Comparing Fig. 105 and Fig. 106 there exist slight discrepancies between

some of the frequency points, however this could be attributed to additional

conditioning equipment contained in the WEG drives which was undeterminable

from the generic circuit schematic provided with the drives. Furthermore, without

having exact synchronization of the gating signals with the input voltage, a slight

chance of error can be expected. Overall the magnitudes of the most dominant

harmonics correlate very well, and the simulation models the experimental results

with a good degree of accuracy.

Case 2: 4.3 kW (60 Hz)

For this load point behavior of the system is very similar to the 9.375 kW

case. The line voltages follow the same general trends and result in very good

correlation between the experimental and the simulated. This general result is

expected as care was taken in calculating the load parameters for this 60 Hz case.

Fig. 107 shows the line voltage FFT response of the experimental setup out to and

including 125 kHz. Its corresponding simulated counterpart is shown for

comparison purposes as Fig. 108.
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Comparing Fig. 107 and Fig. 108 we see a very close correlation between

the simulated and experimental line voltage FFT's out to and including 40 kHz. A

zoomed screen capture of the line voltage FFT for the experimental setup is

shown in Fig. 109, followed by its respective simulated line voltage FFT in Fig.

110. The frequency axis was chosen to highlight the specific areas of interest for

the comparison of the proposed systems. Isolation of the respective harmonic

orders of the switching frequency allow trends to become very evident, and

comparisons much more easily interpreted.
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Fig. 109 and Fig. 110 show excellent correlation around the 5 kHz

frequency band, with the major difference being the larger magnitude of the
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simulated FFT response. This is exactly what was seen for the 9.3 75 kW case and

is merely reflected here in the reduced load case study. Fig. Ill and Fig. 112

show the next frequency band of interest, namely 7.5 kHz to 17.5 kllz

representing the next two major resonances of the switching frequency.
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Fig. 112 simulated line voltage FFT



500

450

400

350

i
0 )5000 4000

124

The two sets of curves again show very good correlation with magnitudes

of the most dominant peaks and their respective sidebands within a small percent

error. As a final comparison for the line voltage Fig. 113 and Fig. 114 show the

first 8 resonance frequencies of the experimental and simulated line voltage

FFT's. Similar again to the 9.375 kW case; the experimental and simulated line

voltages correlate very well, proving our model as a good approximation to the

experimental setup.
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Fig. 11 3 experimental line voltage FFT
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Fig. 115 shows the dc-bus FFT response of the experimental setup out to 12 kHz.
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The corresponding simulated dc-bus FFT is shown in Fig. 116 for direct

comparison. Comparing the results of Fig. 115 and Fig. 116, there is excellent

correlation for nearly all frequency points with the exception of the 5 kHz spike

that exists only in the experimental and does not emerge in the simulated results.

This was the case also for the 9.3 75 kW load point. This indicates that the dc-link

parameters in the simulation are not exactly matched to the dc-link components in

the hardware, such as bus-bar parameters etc. as aforementioned.

DC component = 620.6 THD= 0.49%
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Fig. 116 simulated FFT dc-bus voltage

Zooming in on the experimental dc-bus FFT we see the imbalance of the

source voltage emerging and causing some dominant lower order harmonics

across the terminals of the dc-link capacitor. Fig. 117 shows a zoomed version of

the data contained in Fig. 115. Fig. 118 shows the corresponding zoomed version

of the simulated dc-bus voltage FFT.



1.5

Os

0 il . Ii I. . . i u_-i U

0 50 400 450 500

0 500

3 000000

2 500000

2 000000

1 500000

I 000000

U 500000

0 000000

50 100 150 200 250 300 350 400 450

Fl eqlHzl

Fig. 117 experimental dc voltage FFT

DC component = 620 6 THD= 0 49%

100 150 200 250 300 350

Frequency (Hz)

Fig. 11 8 simulated dc voltage FFT

127



128

Comparing Fig. 117 with that of Fig. 118 there exist slight discrepancies

between some of the frequency points, however this could be attributed to

additional conditioning equipment contained in the WEG drives as

aforementioned. Overall the magnitudes of the most dominant harmonics

correlate very well, and the simulation models the experimental results with a

good degree of accuracy. With two load points correlating very well, confidence

in the simulation circuit can be verified and modeling of the dual converter circuit

may be done.

6 Conclusions

Several different methods of space vector pulse width modulation

(SVPWM), for controlling hybrid electric vehicle drives, were analyzed and

results are compared to the Mil-std 461 distortion limits. The first approach is

based on a minimum switching scheme which makes use of a technique allowing

only one switch leg to change per switching interval. Results are shown for a

variety of switching periods ranging from 5 kHz up to 10 kHz. The second

documented SVPWM approach uses a random dithered switching frequency

where ranges were chosen such that the switching harmonics were spread across

the frequency spectrum. Analysis has shown that this approach yielded better

results when compared to the Mil-std 461 distortion limits. Thirdly simulations

were compiled for a linear sweep across a predetermined range of frequencies

excluding the dominant peaks associated with the most dominant harmonics seen

in the FFT of the dc-bus voltage. This third approach again yielded very

promising results solidifying our conclusions that a variable switch frequency

lowers the magnitudes of the dc-bus harmonics. All SVPWM techniques were

simulated in Matlab (Simulink) and compared with simulation results of PSpice.

Finally to show the validity of the simulations, experimental tests were run on two

20 hp WEG motors, at two different load points (9.375 kW, 4.3 kW). Gating

signals were extracted from the WEG drives and converted to Matlab vectors to

replicate the experimental system. Special care was taken to determine equivalent

motor load reduced circuit parameters for use in the simulations. Comparing the
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experimental results with that of the simulated results shows excellent correlation

between the line voltages, currents, and dc-bus voltage for both load points. This

helps to show the validity of the simulated models for all SVM switching schemes

analyzed. Simulation of these extracted gating signals requires use of a very fast

processing computer, and further analysis (two motors and drives connected in

parallel) would require significant computer processing power.

Future work could include driving the WEG variable frequency drives

with the three types of SVPWM gate signals outlined and documented in this

report. Comparing these responses would further solidify the findings of this

thesis. Dynamic models of the system could be implemented if load curves were

given for the traction drives, enabling a more comprehensive report as to the

harmonic content through a range of load and power levels. Filtering could be

implemented to help mitigate the harmonics on the dc-bus to acceptable Mil-std

461 levels. Finally adding additional auxiliary equipment and making dynamic

simulations for specific loading curves would complete the design of this hybrid

electric vehicle system.
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%Michael Mills-Price
%Motor Systems Research Facility
%Oregon State University
%Corvallis, OR 97330

%Space Vector Approach
clear
format long

ma = .8;
C =10;
Vm = 600*0.612*ma*(sqrt(2.0)/sqrt(3.0));
Vdc=600.0;
Tm = 250e3/(0.9*sqrt(3 .0)*(600.0*0.49/sqrt(2.0)));

%Number of cycles
%Phase Voltage
%DC Bus Voltage

133

%new additions for dither control
fsmin = 7500;
fsmax= 10000;
Tn = (1/fmod)*C;
nn = Tn*fsmax;
nn = floor(nn);
vec_fswitch = [fsmin: 1: fsmax];
fsw = [vec_fswitch vec_fswitch vec_fswitch]; %Vector pool
fsw = [fsw fsw fsw fsw fsw fsw fsw fsw fsw fsw];
dt= 1./fsw; %period width
delt = dt./2.0; %current time sample
TsSVM = 1/fmodl(2*fsmax); %Sample time for simulink
N = (fsmax/fmod); %Modulation ratio
N = floor(N);

global Rline % Sets up line parameters
Rline = lOOe-6; % Specified on a per ft basis
global Lline
Lime = 200e-9;

Im = Im*sqrt(2.0); %Phase Current (max)
phasel = -acos(0.9); %Current phase shift
fmod= 60; %Fundamental Frequency
rt= 1.Oe-7; %Rise time for switch
Vg= 1; %Magnitude of gating
w=2.0*pi*fmod; %Frequency in radians
ph = le-12; %placeholder for time
TD = 2e-6; %Dead time delay
x=7; %x,y = Vector constants
y= 12;



global Cline
Cline=0;
global Rload
Rload .27993
global Lload
Lload = 3.5961e-4
global Rsource
Rsource = 0;
global Lsource

Lsource = 1.6e-3;

for i=1 :C*(N),

tt(1) = 0;
tt(i+l) tt(i)+dt(i);
wt(i) = w*tt(i);

% This next section breaks the dq plane into 6 quadrants representing
% the 8 states that we are able to switch to and from.

% ang(i) = atan(refq(i)/refd(i));
ang(i) = tt(i)*( 1.0/(1 .0/fmod))*2.0*pi;

q= 1;

% michaels test for 14 cycle capability.
if (ang(i) > 24*pi)

ang(i) = ang(i)24*pi;
end

if (ang(i) > 22*pi)
ang(i) = ang(i)22*pi;
end

if (ang(i) > 20pi)
ang(i) = ang(i)20*pi;
end

if (ang(i)> 1 8*pi)
ang(i) = ang(i)18*pi;
end

if(ang(i)> 16*pi)
ang(i) = ang(i)16*pi;
end

if(ang(i)> 14*pi)

%Load Parameters (md Mach)
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ang(i) = ang(i)14*pi;
end

if(ang(i)> 12*pi)
ang(i) = ang(i)12*pi;
end

if(ang(i)> 1O*pi)
ang(i) = ang(i)1O*pi;
end

if (ang(i)> 8*pi)
ang(i) = ang(i)8*pi;
end

if (ang(i) > 6*pi)
ang(i) = ang(i)6*pi;
end

if (ang(i) > 4*pi)
ang(i) = ang(i)4*pi;
end

if (ang(i) > 2*pi)
ang(i) = ang(i)2*pi;

end %end michaels test

%Angle Calculation
if( ang(i) >= (2.O*pi/6.0) && ang(i) <2.O*(2,O*piI6.0))

ang(i) = ang(i) - 2.O*pi/6.O;

end
if( ang(i) >= 2.O*(2,O*pi/6.0) && ang(i) <3,O*(2.O*pi/6.0))

ang(i) = ang(i) - 2.O*(2.O*pi/6.0);

end
if( ang(i) >= 3.O*(2.O*piI6.0) && ang(i) <4.O*(2.O*pi/6.0))

ang(i) = ang(i) - 3.O*(2.O*pi/6.0);

end
if( ang(i) >= 4.O*(2.O*pi/6.0) && ang(i) <5.O*(2.O*pi/6.0))

ang(i) = ang(i) - 4.O*(2.O*pi/6.0);

end
if( ang(i) >= 5O*(2 O*pj/60) && ang(i) <6.O*(2.O*piI6.0))

ang(i) = ang(i) - 5.O*(2.O*pi/6.0);
q = 6;

end
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%Reference phase voltages
refa(i) = Vm*sin(wt(i)+pi/2);
refb(i) = Vm*sin(wt(i)(2.O*pi/3 .0)+pi/2);
refc(i) = Vm* sin(wt(i)+(2 0pi/3 .0)+pi/2);

%Transformation to dq domain using Parks
refd(i) = 2.0/3.0. *(refa(i)05 *reth(i).05 *refc(i));
refq(i) = 2.0/3.0. *(((sq(3 .0))/2.0).*refb(i)
((sqrt(3 .0))/2.0). *refc(i));
refm(i) = sqrt(refd(i),*refd(i) + refq(i).*refq(i));
U(i) = (refm(i)./(0.612*Vdc));

%Time
t 1(i) = (9.0/(pi*pi))*U(i)*delt(i)*(cos(ang(i))_
(1 .0/(sqrt(3 .0)))*sin(ang(i)));
ti(i) = abs(tl(i));
t2(i) = (6.0*(sqrt(3 .0))/(pi*pi)) *U(i)*delt(i) *sin(ang(i));
t2(i) = abs(t2(i));
tO(i) = (delt(i) - tl(i) - t2(i))/2.0;
tO(i) = abs(tO(i));

%Sector 1
if(q== 1)

timeS 1 i(i,:)= {tt(i) tt(i)+tO(i)+TD tt(i)+tO(i)+rt+TD tt(i)+2.0*delt(i)_tO(i)
tt(i)+2.0*delt(i)_tO(i)+rt tt(i)+2.0*delt(i)_ph];
timeS 1 2(i, : )= [tt(i)+TD tt(i)+tO(i) tt(i)+tO(i)+rt tt(i)+2 .0*delt(i)_tO(i)+TD
tt(i)+2.0*delt(i)_tO(i)+rt+TD tt(i)+2 .0*delt(i)_ph];
time S 13 (i, :)= [tt(i) tt(i)+tO(i)+t 1 (i)+TD tt(i)+tO(i)+t 1 (i)+rt+TD
tt(i)+delt(i)+tO(i)+t2(i) tt(i)+delt(i)+tO(i)+t2(i)+rt tt(i)+2.0*delt(i)_ph];
time Si 4(i, :)= [tt(i)+TD tt(i)+tO(i)+t 1(i) tt(i)+tO(i)+t 1 (i)+rt
tt(i)+delt(i)+tO(i)+t2(i)+TD tt(i)+delt(i)+tO(i)+t2(i)+rt+TD
tt(i)+2 0*delt(i)ph];
timeS 15 (i, : )= [tt(i) tt(i)+delt(i)-tO(i)+TD tt(i)+delt(i)-tO(i)+rt+TD
tt(i)+delt(i)+tO(i) tt(i)+delt(i)+tO(i)+rt tt(i)+2*delt(i)_ph];
timeS 1 6(i, :)= [tt(i)+TD tt(i)+delt(i)-tO(i) tt(i)+delt(i)-tO(i)+rt
tt(i)+delt(i)+tO(i)+TD tt(i)+delt(i)+tO(i)+rt+TD tt(i)+2*delt(i)_ph];

else
timeSil(i,:)= [00000 0];
timeSl2(i,:) = [000000];
timeSl3(i,:) = [000000];
timeS 14(i,:) = [000000];
timeSi5(i,:)= [000000];
timeS 16(i,:) = [000000];

end
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%Sector 2
if (q == 2)

timeS2 1 (i,:)= [tt(i) tt(i)+tO(i)+t2(i)+TD tt(i)+tO(i)+t2(i)+rt+TD
tt(i)+delt(i)+tO(i)+t 1(i) tt(i)+delt(i)+tO(i)+t 1 (i)+rt tt(i)+2.O*delt(i)_
ph];
timeS22(i, :)= [tt(i)+TD tt(i)+tO(i)+t2(i) tt(i)+tO(i)+t2(i)+rt
tt(i)+delt(i)+tO(i)+t 1 (i)+TD tt(i)+delt(i)+tO(i)+t 1 (j)+rt+TD
tt(i)+2 .O*de1t(i)ph];
time S23(i, :)= [tt(i) tt(i)+tO(i)+TD tt(i)+tO(i)+rt+TD
tt(i)+2.O*de1t(j)tO(i) tt(i)+2.O*de1t(i)tO(i)+rt tt(i)+2.O*de1t(i)ph];
timeS24(i, :)= [tt(i)+TD tt(i)+tO(i) tt(i)+tO(i)+rt tt(i)+2.O*de1t(i)
tO(i)+TD tt(i)+2.O*de1t(i)tO(i)+rt+TD tt(i)+2.O*delt(i)ph];
timeS25 (i, :)= [tt(i) tt(i)+delt(i)-tO(i)+TD tt(i)+delt(i)-tO(i)+rt+TD
tt(i)+delt(i)+tO(i) tt(i)+delt(i)+tO(i)+rt tt(i)+2 .O*delt(i)_ph];
timeS26(i, : )= [tt(i)+TD tt(i)+delt(i)-tO(i) tt(i)+delt(i)-tO(i)+rt
tt(i)+delt(i)+tO(i)+TD tt(i)+delt(i)+tO(i)+rt+TD tt(i)+2.O*de1t(i)
ph];

else
timeS2l(i,:)= [0 0 0 0 0 0];
timeS22(i,:)= [0 0 0 0 0 0];
timeS23(i,:)= [0 0 0 0 0 0];
timeS24(i,:)= [0 0 0 0 0 0];
timeS25(i,:)= [0 0 0 0 0 0];
timeS26(i,:)= [0 0 0 0 0 0];

end

%Sector 3
if(q==3)

timeS3 1(i,:) = [tt(i) tt(i)+delt(i)-tO(i)+TD tt(i)+delt(i)-tO(i)+rt+TD
tt(i)+delt(i)+tO(i) tt(i)+delt(i)+tO(i)+rt tt(i)+2.O*delt(i)_ph];
timeS32(i,:) = [tt(i)+TD tt(i)+delt(i)-tO(i) tt(i)+delt(i)-tO(i)+rt
tt(i)+delt(i)+tO(i)+TD tt(i)+delt(i)+tO(i)+rt+TD tt(i)+2.O*delt(i)_
ph];
timeS33(i,:) [tt(i) tt(i)+tO(i)+TD tt(i)+tO(i)+rt+TD
tt(i)+2.0 *dejt( i) tO(i) tt(i)+2 .0*delt(i)_tO(i)+rt tt(i)+2 .O*delt(i)_ph];
timeS34(i,:) = [tt(i)+TD tt(i)+tO(i) tt(i)+tO(i)+rt tt(i)+2.O*delt(i)_
tO(i)+TD tt(i)+2.O*delt(i)_tO(i)+rt+TD tt(i)+2.0*delt(i)_ph];
timeS3 5(i,:) = [tt(i) tt(i)+tO(i)+t 1 (i)+TD tt(i)+tO(i)+t 1 (i)+rt+TD
tt(i)+delt(i)+tO(i)+t2(i) tt(i)+delt(i)+tO(i)+t2(i)+rt tt(i)+2.0*delt(i)_
ph];
timeS36(i,:) = {tt(i)+TD tt(i)+tO(i)+tl(i) tt(i)+tO(i)+tI(i)+rt
tt(i)+delt(i)+tO(i)+t2(i)+TD tt(i)+delt(i)+tO(i)+t2(i)+rt+TD
tt(i)+2.O*delt(i)_ph];
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else
timeS3l(i,:)= [0 0 0 0 0 0];
timeS32(i,:)= [0 0 0 0 0 0];
timeS33(i,:) [0 0 0 0 0 0];
timeS34(i,:)= [0 0 0 0 0 0];
timeS35(i,:)= [0 0 0 0 0 0];
timeS36(i,:)= [0 0 0 0 0 0];

end

%Sector4
if (q == 4)

timeS4 1 (i,:) = [tt(i) tt(i)+delt(i)-tO(i)+TD tt(i)+delt(i)-tO(i)+rt+TD
tt(i)+delt(i)+tO(i) tt(i)+delt(i)+tO(i)+rt tt(i)+2 .0*delt(i)_ph];
timeS42(i,:) = [tt(i)+TD tt(i)+delt(i)-tO(i) tt(i)+delt(i)-tO(i)+rt
tt(i)+delt(i)+tO(i)+TD tt(i)+delt(i)+tO(i)+rt+TD tt(i)+2.0*delt(i)_
ph];
timeS43(i,:) = [tt(i) tt(i)+tO(i)+t2(i)+TD tt(i)+tO(i)+t2(i)+rt+TD
tt(i)+delt(i)+tO(i)+tl(i) tt(i)+delt(i)+tO(i)+tl (i)+rt tt(i)+2.0*delt(i)_
ph];
timeS44(i,:) = [tt(i)+TD tt(i)+tO(i)+t2(i) tt(i)+tO(i)+t2(i)+rt
tt(i)+delt(i)+tO(i)+t 1 (i)+TD tt(i)+delt(i)+tO(i)+t 1 (j)+rt+TD
tt(i)+2.0*delt(i)_ph];
timeS45(i,:) = [tt(i) tt(i)+tO(i)+TD tt(i)+tO(i)+rt+TD
tt(i)+2.O *delt(j)_tO(i) tt(i)+2.0*delt(i)_tO(i)+rt tt(i)+2 .0*delt(i)_ph];
timeS46(i,:) = [tt(i)+TD tt(i)+tO(i) tt(i)+tO(i)+rt tt(i)+2.0*delt(i)_
tO(i)+TD tt(i)+2.0*delt(i)_tO(i)+rt+TD tt(i)+2 .0* delt(i)-ph];

else
timeS4 1 (i, : )=
timeS42(i,:)=
timeS43(i,:)=
time S44(i, : )=
timeS45(i, :)=
timeS46(i, : )=

end

[000000];

[000000];

%Sector 5
if(q==5)

timeS5 1(i,:) [tt(i) tt(i)+tO(i)+tl(i)+TD tt(i)+tO(i)+tl(i)+rt+TD
tt(i)+delt(i)+tO(i)+t2(i) tt(i)+delt(i)+tO(i)+t2(i)+rt tt(i)+2.0*delt(i)_
ph];
timeS52(i,:) = [tt(i)+TD tt(i)+tO(i)+tl(i) tt(i)+tO(i)+tl(i)+rt
tt(i)+delt(i)+tO(i)+t2(i)+TD tt(i)+delt(i)+tO(i)+t2(i)+rt+TD
tt(i)+2.0*delt(i)_ph];
timeS5 3 (i,:) = [tt(i) tt(i)+delt(i)-tO(i)+TD tt(i)+delt(i)-tO(i)+rt+TD
tt(i)+delt(i)+tO(i) tt(i)+delt(i)+tO(i)+rt tt(i)+2.0*delt(i)_ph];
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[0 0 0 0 0 0];
[0 0 0 0 0 0];
[0 0 0 0 0 0];
[0 0 0 0 0 0];



else

else

timeS54(i,:) = [tt(i)+TD tt(i)+dett(i)-tO(i) tt(i)+delt(i)-tO(i)+rt
tt(i)+delt(i)+tO(i)+TD tt(i)+delt(i)+tO(i)+rt+TD tt(i)+2.O*delt(i)_
ph];
timeS55(i,:) = [tt(i) tt(i)+tO(i)+TD tt(i)+tO(i)+rt+TD
ft(i)+2 .0*delt(i)_tO(i) tt(i)+2.O*delt(i)_tO(i)+rt tt(i)+2.0*delt(i)_ph];
timeS56(i,:) = [tt(i)+TD tt(i)+tO(i) tt(i)+tO(i)+rt tt(i)+2.0*delt(i)_
tO(i)+TD tt(i)+2 .O*delt(j)tO(j)+rt+TD tt(i)+2.O*delt(i)ph};
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timeS5l(i,:)= [0 0 0 0 0 0];
timeS52(i, :)= [0 0 0 0 0 0];
timeS53(i,:)= [0 0 0 0 0 0];
timeS54(i, : )= [000000];
timeS55(i,:)= [0 0 0 0 0 0];
timeS56(i, :)= [0 0 0 0 0 0];

end

%Sector 6
if (q == 6)

timeS6 I (i,:) = [tt(i) tt(i)+tO(i)+TD tt(i)+tO(i)+rt+TD
tt(i)+2 .0*delt(i)_tO(i) tt(i)+2 .O*delt(i)_tO(i)+rt tt(i)+2.0*delt(i)_ph];
timeS62(i,:) = [tt(i)+TD tt(i)+tO(i) tt(i)+tO(i)+rt tt(i)+2.0*delt(i)_
tO(i)+TD tt(i)+2 .0*delt(j)_tO(i)+rt+TD tt(i)+2 0*delt(i)_ph];
timeS63(i,:) [tt(i) tt(i)+delt(i)-tO(i)+TD tt(i)+delt(i)-tO(i)+rt+TD
tt(i)+delt(i)+tO(i) tt(i)+delt(i)+tO(i)+rt tt(i)+2.0*delt(i)_ph];
timeS64(i,:) = [tt(i)+TD tt(i)+delt(i)-tO(i) tt(i)+delt(i)-tO(i)+rt
tt(i)+delt(i)+tO(i)+TD tt(i)+delt(i)+tO(i)+rt+TD tt(i)+2.0*delt(i)_
ph];
timeS65(i,:) = [tt(i) tt(i)+tO(i)+t2(i)+TD tt(i)+tO(i)+t2(i)+rt+TD
tt(i)+delt(i)+tO(i)+t 1(i) tt(i)+delt(i)+tO(i)+t 1 (i)+rt tt(i)+2.0*de1t(i)
ph];
timeS66(i,:) [tt(i)+TD tt(i)+tO(i)+t2(i) tt(i)+tO(i)+t2(i)+rt
tt(i)+delt(i)+tO(i)+tl (i)+TD tt(i)+delt(i)+tO(i)+t 1 (i)+rt+TD
tt(i)+2. 0*delt(i)_ph];

timeS6 1 (i, :)= [000000];
timeS62(i,:)= [0 0 0 0 0 0];
timeS63(i,:)= [0 0 0 0 0 0];
timeS64(i,:)= [000000];
timeS65(i,:)= [000000];
timeS66(i, :)= [0 0 0 0 0 0];

end

%Compiling time vectors into signal gating signal vector
gatel(1,l:6) = timeSll(1,:);
gate2(1,l:6) = timeSl2(1,:);



gate3(1,1:6)
gate4(1,1:6) =
gate5(1,1:6) =
gate6(1,1:6) =

if(i>=2 && q=1)
gatel(1,x:y) =
gate2(1,x:y) =
gate3(1,x:y) =
gate4(1,x:y) =
gate5(1,x:y) =
gate6(1,x:y) =

x=x+6;
y=y+6;

elseif (i>=2 && q=
gatel(1,x:y) =
gate2(1,x:y) =
gate3(1,x:y) =
gate4(1,x:y) =
gate5(1,x:y) =
gate6(1,x:y) =

x=x+6;
yy+6;

elseif (i>=2 && q=
gatel(1,x:y) =
gate2(1,x:y) =
gate3(1,x:y) =
gate4(1,x:y) =
gates(1,x:y) =
gate6(1,x:y) =

x=x+6;
yy+f;

elseif (i>=2 && q=
gate 1(1,x:y) =
gate2(1,x:y) =
gate3(1,x:y) =
gate4(1,x:y) =
gate5(1,x:y)
gate6(1,x:y) =

x=x+6;
yy+6;

elseif (i>=2 && q=
gatel(1,x:y) =
gate2(1,x:y) =
gate3(1,x:y) =
gate4(1,x:y) =

time S 13(1,:);
timeSl4(1,:);
timeS 15(1,:);
timeS 16(1,:);

timeS 1 1(i,:);
timeS 12(i,:);
timeSl3(i,:);
timeS 14(i,:);
timeS 15(i,:);
timeS 1 6(i,:);

timeS2 1(i,:);
timeS22(i,:);
timeS23(i,:);
timeS24(i,:);
timeS2s(i,:);
timeS26(i,:);

timeS3 1(i,:);
timeS32(i,:);
timeS33(i,:);
timeS34(i,:);
timeS35(i,:);
timeS36(i,:);

timeS4 1 (i,:);
timeS42(i,:);
timeS43(i,:);
time S44(i,:);
timeS4s(i,:);
timeS46(i,:);

timeS5 l(i,:);
timeSs2(i,:);
timeS53(i,:);
timeS54(i,:);
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gate5(1,x:y) =
gate6(1,x:y) =

x=x+6;
y=y+6;

elseif (i>=2 && q=
gate 1(1,x:y)
gate2(1,x:y) =
gate3(l,x:y) =
gate4(1,x:y) =
gate5(1,x:y) =
gate6(1,x:y) =

x=x+6;
y=y+6;

end
end

% Compiling the actual vectors
gate 1 =gate 1(1: length(gate 1)-i);
gate2=gate2( 1: length(gate2)- 1);
gate3=gate3(1 :length(gate3)- 1);
gate4=gate4( 1: length(gate4)- 1);
gates=gate5( 1 :length(gates)- 1);
gate6=gate6( 1 :length(gate6)- 1);

%Magnitude vector for gating signals 1, 3, 5.
magn = zeros(size(gatel));
v = 3;

for 1=1: (length(gate 1 )/6)+ 1,

magn(1,v:v+1)=1;
v=v+6;

end

%Phase Currents
tspace = 1/(fmod);
t = linspace(O,2*tspace,length(gatel));

Ta = Im * sin(w*t+phasel);
lb = Tm * sin(w*t+phaseI(2.O*pi/3.0));
Ic = Tm * sin(w*t+phasel+(2.O*pi/3.0));

% magnitude vectoe for signals 2, 4, 6

fakey ones(size(magn));

timeS55(i,:);
timeS56(i,:);

=6)
timeS6l(i,:);
timeS62(i,:);
timeS63(i,:);
timeS64(i,:);
timeS65(i,:);
timeS66(i,:);
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magn2 = (fakey-magn);

error = 1;

%Removing duplicates
for p=2 : (length(gate 1 )-2)

if gate 1 (p)>=gate l(p+l)
gate l(p+l )=(gate 1 (p+2)+gate l(p))/(2 .0);

error =error+ 1;
end

if gate3(p)>=gate3(p+ 1)
gate3(p+ 1 )=(gate3(p+2)+gate3(p))/(2.0);

end
if gate5(p)>=gates(p+ 1)

gate5(p+ 1 )=(gate5(p+2)+gate l(p))/(2.0);

end
end
for p=2 (length(gate2)-2)

if gate2(p)>=gate2(p+ 1)
gate2(p+ 1 )=(gate2(p+2)+gate2(p))/(2 .0);

error =error+ 1;
end
if gate4(p)>=gate4(p+ 1)

gate4(p+ 1 )=(gate4(p+2)+gate4(p))/(2.0);
end
if gate 6(p)>=gate6(p+ 1)

gate6(p+ 1 )=(gate6(p+2)+gate6(p))/(2 .0);
end

end
error

% Ouput file routine for Pspice gate signals
cd c:\test
offset = 15*ones(size(magn)); %15 V offset
magni 1=30*magn?offset; %30 volt range -iSV offset (+ 15, -15 for
gate on and off signals)
magn22=30*magn2!offset;
gl=[gatel',magnl 1]; %time magnitude
g2=[gate2',magn22];
g3=[gate3',magnl 1];
g4=[gate4,magn22];
g5=gate5,magnl 1];
g6=[gate6',magn22];

142



dlmwrite('gatel.txt', gi, 'delimiter',' ','precision', '%.16f)%write to
C:\test\* .txt space delimated l6pt precision
dlmwrite('gate2.txt', g2, 'delimiter', '', 'precision', '%. 16f)
dlmwrite('gate3.txt', g3, 'delimiter', '', 'precision', '%. 16f)
dlmwrite('gate4.txt', g4, 'delimiter', '', 'precision', '%.16f)
dlmwrite('gate5.txt', g5, 'delimiter', '', 'precision', '%. 16f)
dlmwrite('gate6.txt', g6, 'delimiter', '', 'precision', '%. 1 6f)

Additions for pool selection

%new additions for dither control
poolmin= 1;
poolmax = 6;
fpool = [6300 7600 8900 10000 10500 11200];
Tn (1/fmod)*C;
nn = Tn*poolmax*fjool(poolmax);
fsmax = fpool(poolmax);
nn = floor(nn);
vecpool = randint(nn, I ,[poolmin,poolmax]);
vecfswitch = fpool(vecj,00l);
switching_vec_length = length(vec_fswitch);
fsw = vec_fswitch; %Vector containing switching frequencies
dt 1 ./fsw; %Index vector for next period width

Additions for hyperbolic/linear

%new additions for dither control
fsmin= 7500;
fsmax= 10000;
Tn (1/fmod)*C;
nn = Tn*fsmax;

floor(nn);

% Use range of 5000 for hyperbolic linear approach
hypi = 1:1:2500;
vecfswitch 1 = floor(7500 + 25 00*exp(hyp 1/525));

%Hyperbolic vector 2500 elements
vecfswitch2 = 7500:1:10000; %linear vector 2500 elements
veclookup = {vec_fswitch 1 vec_fswitch2];
vec range = randint(nn, 1 ,[ 1,5000]);
for b = 1 :nn,
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bi vec_range(b);
vec_fswitch(b) = vec_lookup(bl);

end

Additions for linear sweep

fsmin = 7500;
fsmax= 10000;
Tn = (1/fmod)*C;
nn = Tn*fsmax;
nn = ftoor(nn);
vecfswitch = [4300:1:7500 fsmin I fsmax 8600:1: 10000];
fsw = [vec fswitch vec fswitch vecfswitch];
fsw = [fsw fsw fsw fsw fsw fsw fsw fsw fsw fsw];
dt= 1./fsw;
delt = dt.12.0;
TsSVM = llfmodl(2*fsmax);
N = (fsmax/fmod); %Modulation ratio
N = floor(N);
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