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Abstract: This article presents a harmonic analysis of the stator currents of a squirrel-cage induc-
tion motor fed by a voltage source inverter with PWM space vector control (SV-PWM). The influ-
ence of PWM switching frequency and dead time (dead-band) of controlled transistors on THD
and electromagnetic torque ripple is shown. The aim is to determine the lowest switching fre-
quency of the transistors for which the drive will operate correctly. Characteristics were deter-
mined as functions in the form of THD (fpyy), where the least square approximation was used for
stator current measurements when the PWM switching frequency is changed. The approximations
were realized for simulation and experimental results. To clarify the results, the operation of
hardware PWM circuits in microcontrollers was analyzed.
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1. Introduction

A modern electric drive consists of an AC motor, a controllable voltage source in-
verter (VSI) and a digital control system. This article focuses on VSI control using the
space vector method (SV-PWM) and using numerical methods for analysis. Here, ap-
proximation is definitely a new approach to analyze VSI operation.

Typically, electric drives with induction motors use VSI to feed the stator windings.
This drive design was discussed in [1-9]. VSI is a power electronics circuit that can be
controlled by various methods, which are described in detail, for example, in
[3,4,6,7,10-12].

The aim of the article is to approximate the THD characteristics of the stator current
and torque ripple of a squirrel-cage induction motor, not the RL circuit as in most articles.
These characteristics are determined for steady state, where the argument of the function
is the switching frequency fpyy of the inverter transistors (SV-PWM control by two
methods is considered). On the other hand, the value of the approximated functions is
the THD of the stator current and the ripple of the motor electromagnetic torque AM,.

Voltage Source Inverters (VSI) with space vector PWM (SV-PWM or SVM) control
are studied. The research concerns THD of motor current and torque ripple. Measure-
ments every 2kHz and the least squares approximation method are used for approxima-
tion. The approximated characteristics show the changes in THD and torque ripple with
the PWM switching frequency of the inverter transistors. The effect of dead time
(dead-band) when switching transistors in one branch of the inverter is also analyzed.
The aim is to make comparative studies for different patterns of SV-PWM control of a
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VSL In practice, there are two types of pattern (pattern#l, pattern#2) for genaration of
averaged stator voltage in SV-PWM. These methods are described in detail in [6,12] and
[13] where examples of programming TMS320F240 processors from Texas Instruments
are shown. Pattern#2 is also called discontinuous PWM modulation (DPWM) in the lit-
erature [6].

Other methods of controlling power transistors (sinusoidal PWM (SPWM) or elim-
ination of the third harmonic) [6,7], have been omitted, because their practical use in
vector control systems (FOC, DTC) of induction motors is useless. In vector control
methods, it is necessary for the inverter to respond immediately to set voltage values in a
and B coordinates.

A comparison of SPWM and SVPWM methods found in many publications
[6,12,14-17], but in most cases they are implemented for a RL load circuit. In the articles,
the authors focus their discussion on the differences due to the control methods and the
determination of the THD for the method. An example is [17] where THD tests are per-
formed for a switching frequency of 10kHz.

Many articles [16-21] consider the THD problem with the SVPWM control method
for an RL load and a single switching frequency of transistors. That makes a difference to
the present article, where a wide range of PWM frequency changes is analyzed.

In the article [22], a new SVPWM control method was proposed for high-speed
PMSM motors, where THD analysis was also performed. In addition, the article consid-
ered the problem of execution time of the proposed SVPWM control algorithm.

Analysis of electromagnetic torque ripples is usually reduced to the DTC method,
where ripples of large amplitude are inherently present. These articles focus on mini-
mizing these ripples [23-26]. The authors are not aware of publications where THD tests
for different patterns in SVPWM inverter control were combined. Thus leads to the
presentation of new results in the field of power supply of induction motors.

In this article, AC machine is used as a load. On the other hand, based on the
knowledge and results from the above-mentioned publications, it was concluded that
SVPWM is a better method than SPWM. For this reason, SPWM was omitted from further
consideration.

The analysis is carried out for a supply frequency of 50 Hz, because for lower fre-
quencies the results are better, as is obvious-more PWM periods.

The novelty in this paper lies in the detailed approach to feeding an induction motor
rather than an RL circuit from an SV-PWM-controlled VSI (the authors are not aware of
any publications in which a similar approach was used). Also novel here is the use of
mean-square approximation to determine THD(f_PWM) characteristics and similarly for
torque ripple. Based on this, the minimum switching frequency of the VSI transistors can
be determined.

The authors are also not known of any publications that analyze THD changes for
different PWM frequencies. Therefore, the following article is a new addition to the
missing knowledge of feeding IM with VSI using the SV-PWM method.

2. Theoretical background: Spectral analysis and numerical approximation
2.1. Spectral analysis [28,29]

The coefficients Cn are known as the amplitude spectrum and the phase ¢n is the
phase spectrum. Therefore, the frequency spectrum of a periodic function is discrete (1),

(2).
flx) = AZ—O + Y 1(A, cosnwyt + B, sinnwg t), —o0 <t < oo, 1)
f() = 224+ B4 (Cy cos(nwyt + By,), )
Ao =2a0 == [ f(B)dt, 3)
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An = (ap + ) = %f;”f(t) cosnwyt dt = C, cos @, 4)
. % 2 ra+T . .

B, =j(a, —a,") = ;fa f(t) sinnwyt dt = —C, sin ®,,, 5)

&, = —tan™? (B"/ 6

n= A, (6)

Cr = (A" + B,H)Y?, @)

The effect of the harmonic currents is frequently taken into account by calculating
the total harmonic distortion (THD). The definition of THD is based upon the Fourier
expansion of nonsinusoidal waveforms. For a distorted current waveform, the total
harmonic distortion is defined as [6,7,10]:

_ 2
THD = Jz’;;’;max (%) 100%, ®)

where I is the amplitude of the harmonic current of hth order, I; is the fundamental
component of the waveform (50 or 60 Hz component), and hmax is the maximum number
of harmonics to be included (typically 40). The THD is used as performance index for
distorted voltages as well. It is common to multiply the THD by 100% to obtain a per-
centage of distortion.

2.2. The approximation

In fact, the only approximation method used practically is the least squares method,
where the n measurement points (x;,y;) are fitting to an approximating function(model
function) f(x,a). Where «a is set of function parameters and while f is any linear (lin-
ear regression-not applicable here) or nonlinear function. The method of least squares can
be considered as a quality index ] minimization problem, where the result will be a set of
a parameters:

minJ = min XL (v; = /(v @), ©)

The solution to this minimization problem is a set of a parameters that define the
approximating function. The | is named squared norm of the residual. The accuracy of
the approximation is determined by the value of |, the smaller the better the approxima-
tion. In Matlab, it is the best to use the Isqcurvefit function, which determines the a co-
efficients and gives | as the resnorm:

[x, resnorm] = lsqgcurvefit (fun,x0,xdata,ydata),

Where x (in Matlab) denotes the parameters of the a of equation (9). For example, if
we measure THD of current for different values of switching frequencies of VSI transis-
tors, for example, every fPWM=2kHz then it is possible to make an approximation of
THD changes from frwm (THD=f(frwm)). The accuracy of the approximation depends on
the function adopted. Figure 1 shows the approximation of measurement points by 3
different functions:

filfown) = aq + aze®/PWh + a, o, (10)
fo(fewm) = a1 + aye?sfPwm, (11)

fs(fowm) = @y + Az fpwm + a3 ffwm + aafowm + asfrwm (12)
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Figure 1. Example of approximation THD = f(fpwum)

The values of resnorm (from the Isqcurvefit function) or | are as follows for each
function: J; = 0,0244,], = 0,2787,]; = 0,1938. This means that the best fit to the meas-
urement points is for function f;, which differs from f, only by a linear factor, while
increasing the order of the polynomial in function f; it makes no sense, because it leads
to interpolation, and this is no longer averaging the results. This example precedes the
rest of the study, but it is the f_1 function that will be used in the approximation of THD
changes from fpy .

3. VSI with SV-PWM control

Nowadays, voltage modulation of the SV-PWM inverter is the most popular, the
hardware is based on a timer with 3. values for comparison. The result is 3. rectangular
waves that control the inverter transistors. Due to the longer transistor turn-off time than
turn-on time, a turn-on-deadband (dead time) delay is used. In the following, SV-PWM
methods and the effect of deadband will be discussed and compared in the simulation
section.

The Voltage Source Inverter is shown in Figure 2, where the logic signals (a,a’), (b,b")
and (c,c') are complementary, i.e. if a=1, then a'=0, and so on. In addition, there is a delay
between turning off the transistor and turning it on - deadband.

+
Q1 Q3 Q5
IR It A
Ud = 02 Q4 QG
a'—(} b'—(} c'
Usy Usz Us.?

Figure 2. Voltage Source Inverter (VSI)

The controls a, a’, b, b’, ¢, ¢’ are assumed to be logical (0, 1), while Usz, Us:2, Uss are the
motor phase voltages. It follows that there are eight possible control settings (a, b, c) that
determine the switching sequence of the power transistors (Q1 + Q6).
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The transistors are controlled by PWM signals of appropriate fills with the appro-
priate switching frequency fpyy which leads to the generation of 3-phase average (in
small time) sinusoidal voltage waveforms.

3.1. The metod

The method is based on controlling six transistors in the three-phase bridge voltage
inverter circuit shown in Figure 2. In such a system, the different states of the control
inputs (a, b, ), together with the PWM space vector (SV-PWM), form a hexagon of out-
put voltages with an additional two null controls (Uygg, U111). These eight vectors are
called base space vectors:Uy, Ugg, Uiz, U1go, Uzao, Uzoo,Ugoo, U111- The geometric inter-
pretation of the voltage space vectors is shown in Figure 3.

N,
N,

A\

5 ‘ \\ Uo a
USaref | / (1(D}
/ //

A\ //
\ / S
s\ s
\ /

Uza0 'Usoo
(001) S. (101)

Figure 3. Base voltage vectors in the reference system (a, 3)

The reference voltage User represents the interfacial mean value in the (a, ) coor-
dinate system:

1T 1
— fo "M Usrep)tar = pa— (T1Ux + T21Uxs60), (13)

Tpwm

Where T1 and T: are the individual turn-on times of the given base vectors U, and
Uy+60, and Tpyy is the period of PWM signal generation. When|QSref| < Uy, then in ad-
dition to T1 and T2 times, modulation requires the supply of the vectors Ugygo or U;q; at
time To. Then:

T+ T, + Ty = Tewm, (14)

Various relationships can be used to determine T: and T2 times (3), (4), (5), (6), (7)
and the results obtained are identical. There are two SV-PWM methods, referred to as
Pattern#1 (Three-phase SVM with Symmetrical Placement of Zero Vectors) and Pattern#2
Two-phase SVM. This type of modulation is called discontinuous pulse width modula-
tion (DPWM) (8), (3). These modulation methods differ in the generation times of ze-
ro-voltage vectors with a duration of To.

3.2. Switching Pattern #1

The SV-PWM with switching Pattern#1 is the most popular SVM method. An
example of transistor control for this method and sector from 0° to 60° is shown in the
figure. Presented here is the ideal case and applications of dead times Toz when
transistors in one branch are switched.
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Figure 4. Comparison of SV-PWM with Pattern#1: (a) ideal without dead time, (b) including dead
time Tos

Usually dead time is small and a few us, but it will still affect the voltage waveform
distortion and therefore the motor current waveform distortion. Quantitative results will
be presented in the chapter on simulation studies.

3.2. Switching Pattern #2 (DPWM)

In Pattern #2 there is less symmetry of PWM waveforms, the TO time of zero voltage
generation is not divided into 3 intervals, but is generated once. An example for the first
sector is presented in Figure 5.

In this modulation method, the number of transistor switching is reduced by 1/3, but
at the same time, due to the asymmetry of the waveforms, the harmonic content (THD) is
increased. Note also that the amount of TDB generation also decreases by 1/3 compared
to the Pattern #1 method. So, it is interesting to see how THD will change as the switching
frequency of fPWM transistors increases. These results will be presented in the next sec-

tion.
ToB TDB TDB TDB
S et

a: . ! : ai T N
o =
N I
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Figure 5. Comparison of SV-PWM with Pattern #2: a) ideal without dead time, b) including dead
time Tbs

4. Induction motor model

The mathematical model of the induction motor is well known from the literature
[1-9], so it will be presented briefly, using only the most important equations. It will be
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reduced to the classical form of Rotor Field-Oriented Control (RFOC), which will be used
in the analysis of the power supply from the SV-PWM modulator.
Vector analysis and synthesis of induction motor drives use transformations to the

alpha-beta and d-q system:
Isa(6) = is1(8)
V3 (15)

ispt) = 3 [is2(8) — is3(0)]

{ Isq = i5qCOSQR + ispSingg

Isq = —isqSingg + igpCoSQR (16)

Where py is the angle of alignment of the coordinate system (d-q), which is aligned
with the position of the rotor linked flux ¥ (where o_R is the angle between the stator
axis and the rotor flux vector). After assuming such a reference system, it can be written

{Leonhard}:
, , , , ﬂR Lg . ,
Yr = Lpig + Luls = Lybng, Img =7~ =7k +is 17)
i i
thus,
gR = |£R| = 1/)R = Lulile = LuimR/ (18)

and the coordinate system (d-q) is rotating at a speed wpz = dstR.
The final mathematical model when decomposed into d-q components takes the

form:

di
Ty _dn;R +imr = isq (19)

do s

WmR = 7y = PoOm = Py + @ (20)
where w, pulsation (speed) of slip, and Ty =:—R is rotor electromagnetic time
R

constant. And the voltage equations are in the form:

. dimg disa .
Usg = RSlSd + (1 - O’)Lsd—n; + O-LS ( dt - lsqme) (21)
. . diSq .
Usqg = Rsisq + (1 — 0)Lgippwmp + 0Ls (W + lsdme) (22)
The model is summarized by the equation of motion (Newton's 2nd principle of
dynamics):
Me
dw 3 .
=5 = 5Po(1 = Ol lgisg = My, @3)

K

The above equations are a system of nonlinear differential equations that are diffi-
cult to analyze, and practically only numerical methods can be used here to determine
precisely the operating conditions of the induction motor.

5. Simulations and approximation

The simulation research used the standard simulation power_svpwm1l.slx (Matlab
2020b), which is supplemented with the Dead time (deadband) block from the simulation
power_microturbineDT.slx is shown in Figure 6.
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powergul This example shows the open-loop speed control of an induction motor
using constant V/Hz principle and a space vector (SV) PWM technique.

Figure 6. Simulation diagram

Squirrel-cage preset model no 2 from Asynchronous Machine menu is used: 7,46kW,
Un=460Vrms, pole pairs=2. SVPWM Generator allows you to select the modulation
method: Pattern #1 or Pattern #2, in addition you can select PWM frequency and Sample
time. Dead time block should have select type: On delay and time delay as time value in
seconds. In the research, the setting was 1us or 2 us.

All tests were conducted for a motor start connected to a power supply with a fixed
Us and f1, where f1 is the power supply frequency of 50 Hz. Results were obtained for
steady-state operation. An example startup for a transistor switching frequency of
frpwm = 6kHz and dead time of Ous is shown in Figure 7.

wm (RPM)
1500
/
1000 //
500 -~
:\/"/-
0 Naadi
Me (N-m)
100 H
50 ﬂ n ’ AAA A~
[V
0 v
-50
0 0 0.2 0.3 0.4 0.5 0.6 07 0.8

Figure 7. Starting of IM

When the supply voltage is applied to the motor's stator windings, torque oscillations
occur, which are transferred to angular velocity oscillations. The reason for the oscilla-
tions is the design of the induction motor, which is described by a nonlinear mathemati-
cal model where two circuits are coupled to each other, equations (21) and (22). A de-
tailed description of the phenomena is presented in subsection 5.2.
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The steady-state current ig; and electromagnetic torque M, is shown in Figure 8.
Using such measurements, Table 1 presents the effect of fpyy frequency on THD and
torque ripple (AM,) was determined.

la_Stator (A)

| ‘ ' 23
10 ‘ A
5 ‘ 22 il
or i AM,
| 21
B !
i 1
-10 T Vzo b
O Dot WO 001h A% G425 Gad 0 0005 001 0015 002 0025 003
e (@) (b)

Figure 8. Steady state of the stator current (a) and electromagnetic torque (b) - .

The experiment was done for different VSI switching frequencies (f_PWM), different
control strategies Pattern #1 and Pattern #2, and different dead times (deadband). The
results of the experiment are current THD and IM electromagnetic moment ripple. The
amplitude of changes in the electromagnetic torque (torque ripple) was determined from
the Me waveform as shown in Figure 8. Determining the maximum and minimum values
from the presented waveform introduces reading errors, but the approximation has the
property of averaging the results (it will be shown in the next part of the paper). There-
fore, approximation use is justified.

The obtained results are summarized in Table 1. Simulations were carried out by
setting the Solver as Fixed-step and the integration step to 1 10"-7. Experiments were re-
alized with smaller integration times, but the results did not differ, so the previously
given one was stayed. For the shortest dead time, i.e. 1 us, 10 samples per delay time are
obtained, so according to the sampling theorem.

Table 1. Comparison THD and torque ripple for different PWM frequency, different dead band,
different modulation pattern

Frwm T [us] THD AM, [Nm]

[kHz] pp 18 Pattern #1 Pattern #2 Pattern #1  Pattern #2
2 0 9,31% 10,77% 4,1 5,2
2 1 9,24% 10,72% 4,1 53
2 2 9,19% 10,73% 4,2 5,4
4 0 4,63% 5,35% 2,1 3,95
4 1 4,58% 5,36% 2,15 3,9
4 2 4,57% 5,36% 2,2 3,9
6 0 3,07% 3,55% 1,45 2,55
6 1 3,05% 3,57% 1,63 2,65
6 2 3,17% 3,59% 1,65 2,8
8 0 2,32% 2,66% 1,1 2,05
8 1 2,42% 2,70% 1,59 2,1
8 2 2,79% 2,79% 1,53 2,25
10 0 1,89% 2,16% 0,95 1,79
10 1 2,20% 2,30% 1,32 1,66
10 2 2,88% 2,50% 1,76 1,88
12 0 1,56% 1,80% 1,03 1,42
12 1 1,88% 1,93% 1,57 1,41
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12 2 2,86% 2,22% 1,41 1,63
14 0 1,35% 1,57% 0,9 1,15
14 1 2,01% 1,78% 1,09 1,21
14 2 3,29% 2,30% 1,4 1,45
16 0 1,28% 1,36% 0,7 0,65
16 1 2,10% 1,57% 1,11 1,15
16 2 3,52% 2,23% 1,48 1,45
18 0 1,06% 1,23% 0,78 0,99
18 1 2,17% 1,58% 1,17 1,08
18 2 3,78% 2,35% 1,62 1,49

5.1. Approximation of current THD

An approximation of the measurement data for the various cases in Table 1. was
performed and grouped together and shows:
e  Figure 9 - change of THD for Pattern#1 at different dead time Tos=0, 1, 2 us;
e  Figure 10 - change of THD for Pattern#2 at different dead time Tos =0, 1, 2 us;
The results are presented by applying titles to each figure, rather than (a), (b), (c), so the
results are more readable.

Pattern #1, dead time=0us Pattern #1, dead time=1us Pattern #1, dead time=2us

10 10 10

q q q

8 8 8
9

o6 6 6
o
I

=4 4 4

2 2 2

0 0 0

5 10 15 20 5 10 15 20 5 10 15 20
frwr [kHz] frwar [kHz] frwar [kHz]

Figure 9. THD current approximation for switching Pattern #1

Pattern #2, dead time=0us Pattern #2, dead time=1us Pattern #2, dead time=2us
10 ] 10 1 10
8 8r 8
9
= 6 6 6
[m)
I
! 4t 4
2 27 2
o— : : 0— : : 0— : :
5 10 15 20 5 10 15 20 5 10 15 20
frwar [kHz] frwa [kHz] frwar [kHz]

Figure 10. THD current approximation for switching Pattern #2

The first graphs in the figures show THD changes for ideal inverter control, that is,
for perfect transistors (T_DB=0us). They are only for comparison with the other cases.
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Analyzing the obtained results, it can be seen that lower switching frequencies of
transistors f PWM than 6kHz should not be used. From this frequency THD is less than
4%, that is, approximately the current waveform deviates from the sinusoid by about 4%.
This is usually an acceptable value for induction motors.

The approximation function was (10). Comparing the characteristics in figures
aTHD1 and aTHD2, it can be seen that the effect of dead time in the switching of inverter
transistors:

e Tpp =0us, then modulation Pattern #1 has better characteristics than Pattern
#2 - this is the ideal case and this result is obvious

e Tos=lus, up to 10kHz better THD is obtained for Pattern #1 modulation, but
above 10kHz Pattern #2 modulation has better THD.

e Tos=2us, up to 8kHz SV-PWM with switching Pattern #1 obtains better re-
sults than for Pattern #2, while for higher switching frequencies of transis-
tors the situation is reversed and it can be seen that a large value of dead
time negatively affects the implementation of switching Pattern #1. This is
due to the higher number of transistors switching to generate the voltage
U sref-

Summarizing the results obtained and looking only through the spectrum of cur-
rents (THD), it can be concluded that up to a PWM frequency of 8kHz it is best to use
Pattern #1 modulation, while above 8kHz it is best to use Pattern #2 modulation. These
results will be confirmed with torque ripple analysis.

5.2. Torque ripples approximation

The next results were obtained for the estimation of the electromagnetic torque rip-
ples AM, and are shown in the following figures, respectively for Pattern #1 (Error!
Reference source not found.) and Pattern #2 (Error! Reference source not found.). After
many trials, a function with six coefficients was chosen as the best function to approxi-
mate the obtained results:

fa(fpwm) = a1 + azx + a,e®™ + a5 x%, (24)

Torque ripples AM, were estimated as shown in Figure 11, i.e. the accuracy of the
data presented is approximate. For this reason, the use of the approximating function
(10) here is most advisable and it will average out the measurement errors.

Pattern #1, dead time=0us Pattern #1, dead time=1us Pattern #1, dead time=2us

5 10 5 20 5 10 15 20 5 10 B 20
frwnm [kHz] frwar [kHz] frwn [kHz]
Figure 11. Approximation of the torque ripple AM, for switching Pattern#1


https://doi.org/10.20944/preprints202305.1934.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 May 2023 d0i:10.20944/preprints202305.1934.v1

Pattern #2, dead time=0ys Pattern #2, dead time=1us _ Pattern #2, dead time=2us

€

5

5 10 15 20 5 10 15 20 5 10 15 20
frwar [kHz] frwu [kHz] frwam [kHz]
Figure 12. Approximation of the torque ripple AM, for switching Pattern#2

A quick comparison of simulation results after approximation leads to the conclu-
sion: for switching Pattern #1, moment ripples below 2% are obtained for f PWM=6kHz,
and for switching Pattern #2 for 10kHz. 2% was chosen as a value already satisfactory to
the AM,. But this is not the end of the conclusions, a more detailed analysis of the ob-
tained results should be made. .

Analysis of elctromagnetic torque ripples is not as obvious as for current THD. A
different approximating function was used here because the measurement points are
arranged differently. In addition, no significant rise in the characteristic for switching
Pattern #1 in the higher frequency range can be seen here. Above 10kHz, the compared
characteristics (for Pattern #1 and #2) differ by less than 0.5Nm, and as the frequency in-
creases, these differences decrease and for 16kHz and 18kHz they are already practically
indistinguishable.

To analyze the changes in AM,(fpyy), it is necessary to return to the induction mo-
tor model (section 4). The inverter powers the motor, not the RL circuit, which means that
in addition to currents, voltages and linked fluxes, there is an electromagnetic torque and
back electromotive forces.

The ordinary differential equations of an induction motor induction motor are non-
linear, this is especially evident in the voltage equations (21) and (22). The electromag-
netic torque is generated according to relation (23) and is the product of two currents i,z
and igq. The g-axis current is determined directly from the geometric transformation (16),
and the i,z currentis the result of filtering (19). When the motor is fed with signals such
as those in Figures 4 and 5, it is impossible to speak of steady state. In addition, in equa-
tions (21) and (22), you can see the phenomenon of coupling between the two circuits (in
the d and q axis), i.e. the current i,z is produced by the voltage us,4, but affects the
current igq (expression (1 — 0)Lgimprimp in (22)).

In addition, the current is; also affects the current ig, (expression oLgisqWmg).. In
the other direction, coupling also occurs, i.e., current ig, is produced by voltage ug, and
affects currents ig; and ipg (expression —olLgigawmp in (21)). Hence, the induction
motor is a strongly nonlinear system and with SV-PWM control there is a permanently
dynamic state, which we can only determine using numerical methods. The effect of
circuit coupling is analytically impossible changes in AM,(fpy), which are different
from THD(fpyu)-

6. Experiments

Simulation results showed the similarity of the current THD and torque ripple AM,. For
this reason, experimental research was presented for THD current analysis. Additionally,
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the lab stand shown below does not have a torque sensor, so measuring AM, is impos-
sible.

6.1. Experimental setup

The experimental setup is shown in Figure 13, where Technosoft's DMCS-as soft-
ware installed on a PC was used.

230V, 50Hz DCM
IM
ACPM
SO 750E o
Computer PC [—-—I
(Programmer) TXD . u 12v A
GND
PicoScope
3224

Figure 13. Experimental setup

The squirrel cage induction motor IM (350W, 2850rpm, number of pole pairs=1) is
loaded with a DCM generator, where the load torque is varied by the excitation current.
The ACPM 750E and MCK243 are also Technosoft products and are respectively a VSI
(750W) and a control circuit with a TMS320F243 processor. The control circuit generates
PWM signals for the inverter transistors according to Pattern#1, where the switching
frequency and dead-band can be changed. For this reason, experimental results for Pat-
tern#2 are not included, but confirmation of simulation results is expected.

The LEM (stator current measurement) transducer is located on the ACPM board
and the current waveform can be recorded. The PicoScope3224 is used for this purpose.
PicoScope 3224 is the USB PC Oscilloscopes with data logger. This model is the
two-channel version and has the following features:

e 20 MS/s maximum sampling rate

e 512,000 sample buffer

e 12-bit resolution

e USB 2.0 interface

e 20 mV to 20 V measuring ranges

e 10 MHz analogue bandwidth and spectrum analyser range

The 12-bit resolution allows the THD to be accurately determined for 3128 samples
per period (this leads to a sampling frequency of 156,4kHz), such is the value set in the
PicoScope 7 control software.

6.2. Measurement results

The results of the experiments are shown in Figures 14 and 15, where the current
waveforms for PWM modulation with Pattern#1 and different dead times T,y are com-
pared. The following figures show comparisons for different switching frequencies fpyy,
as signed in their titles.
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Figure 14. Comparisons stator current waveforms for different switching frequency
(black - Tpg = 1us, red - Tpg = 2us), fpwm = 2 +~ 12kHz

frwa=14kHz Jfrwar=16kHz frwir=18kHz

bbb isoamwh
Lbbhlioames

0

0005 001 0015 0.02 0 0005 001 0015 002 "0 ooos 001 0015 002
t [s] t[s] t[s]
Figure 15. Comparisons stator current waveforms for different switching frequency
(black - Tpg = 1us, red - Tpg = 2us), fowm = 14 + 18kHz

Figures 14 and 15 show the raw results of the measurements, i.e. no signal filtering
was applied. Therefore, you can clearly see the measurement noise here, which is random
and will not affect the result of the FFT, and therefore the THD.

6.3. THD analysis

The results of the measurements are presented in Table 2 and Figure 16, which
shows a comparison of THD for selected PWM frequencies and dead time (Pattern#1
modulation method). The tests were performed at the same frequencies as in the simula-
tion studies. To describe the effect of dead band on current THD, a gamma factor is in-
troduced, which determines the percentage of time it takes Tpp relative to the PWM pe-
riod:

2 TDB
y=—22.100% =2 Tpp - fruwm - 100% (25)
Trwm

In one period of PWM 2 times there is a dead band (Figures 4b and 5b), thus in rela-
tion (25) the multiplier is 2.
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Table 2. Comparison THD for different PWM frequency, different dead band for pattern #1

frwm THD Y [%]

[kHz] Tpp =1 s Tpp =2 s Tpp =1 s Tpp =2 us
2 5,88% 7.74% 04 0,8
4 4,55% 4,11% 0,8 1,6
6 3,27% 3,70% 1,2 2,4
8 2,92% 3,38% 1,6 3,2
10 2,71% 3,03% 2,0 4,0
12 2,37% 2,83% 2,4 4.8
14 2,42% 2,95% 2,8 5,6
16 2,82% 3,11% 3,2 6,4
18 2,74% 3,14% 3,6 7,2

For time Tpp = 1ps, a satisfactory approximating function (10) is obtained, but for
dead time Tpp = 2us the results are not satisfactory, thus it should be completed with
additional expansion. For this reason, the function f; is supplemented by a quadratic
factor:

fs(Fown) = a1 + aze™/PWM + q, fo, + asx?, (26)

Pattern #1, dead time=1us Pattern #1, dead time=2us

7 7
O measurement points
6 F
— filfrwn)
5| fs(fpwnr)
9
o4l
T
Fal
2 -
1r 1
0 0
5 10 15 20 5 10 15 20
fpwar [kHz] frwa [kHz]

Figure 16. Approximation of current THD for switching Pattern#1

The results presented in Figure 16 differ slightly from those in Figure 9 in terms of
values. However, the shape of the characteristics is similar in both figures. The reason for
this is definitely the induction motor, in the simulation studies (Figure 9) Squirrel-cage
preset model 02: 10HP (7.46kW), 400V, 60Hz, 1760rpm was used. On the other hand, in
the experimental study it was motor: 350W, 230V, 50Hz, 2860rpm.

The gamma factor in Table 2 varies linearly and it can be seen that for higher fre-
quencies fpyy is greater than 2% (Tpp = 1us) or even 4% (Tpp = 2us). Reaching up to
3.6% and 7.2%, respectively.. This becomes the cause of increasing THD. In addition, in
the simulations, the counters (triangle carriers) are assumed to operate on floating-point
numbers. While, in microcontrollers, they are mostly implemented based on 16-bit tim-
ers. This introduces additional errors in the voltage signals.

6.4. Hardware SV-PWM realization analysis

A typical PWM generation process for one branch of the inverter is shown in Figure
17. Where CMPR is the value compared with the content of the timer, T_PERIOD is the
value to which the timer counts.
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Figure 17. Symmetrical PWM generation (up/down mode) — discrete case approach

The timer counts clock pulses of period T x = 1/fc1x in a discrete mode, i.e. using
unsigned int numbers. This leads to further errors. The value T_PERIOD to which the
timer counts is determined identically for all processors ( symmetrical PWM):

T PERIOD = Trwm _ ferk
2-Terk 2 frwm

The TMS320F243 processor used in the experiment has f¢;x=20MHz, so it is easy to
calculate with what accuracy the timer measures time. For example, if fpy,=2kHz, then
T_PERIOD=5000. 5000 is the number of discrete states when measuring time, thus the
measurement accuracy for the PWM period is 1/5000 (LSB), which is a little more than 12
bits. For such a low frequency, this value is not high.

The maximum value of T_PERIOD, to which the timer counts, changes according to
the hyperbolic function when fpy), changes according to formula (27). So, the function
that describes the change in T_PERIOD(fpy),) and takes into account the processor clock
ferx is extremely simple and requires no approximation:

fe1k /2000

f PWM

27)

Figure 18 shows a comparison of T_PERIOD values as a function of processor clock
frequency. The currently popular processors (STM32) with frequencies higher than
20MHz are included.

TMS320F243 (20MHz) STM32 (72MHz) i «10* STM32 (168MHz)

50006 1800
@

4500 16000

4000 14000

3500+ 12000
o
= 1 L
o 3000 0000
w
D_‘ 2500 8000
l_

2000+ 6000

1500 4000

1000 + 2000

500 — : 0 : ol— .
5 10 15 20 5 10 15 20 5 10 15 20
frwu [kHz] frwar [kHz] fewar [kHz]

Figure 18. Comparison of the maximum value of T_PERIOD in the timer for differ-
ent processors (different clock frequencies). Processor names and clock frequencies are in
the titles of the characteristics.
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In the Figure 18 you can see how important the clock frequency is, even doing a
comparison for the frequency fpy,=10kHz you can observe (after converting to resolu-
tion in bits) that for f;,=20MHz the resolution is about 10 bits, for 72MHz it is already
less than 12 bits, and for 168 MHz it is more than 13 bits. This means that the clock fre-
quency significantly affects the accuracy of timing, so the accuracy of PWM generation.

6.5. Comments

The presented results and analysis of the hardware implementation show that the
accuracy of voltage generation in VSl is affected by many factors. But it is shown that the
simulation results represent a first estimate of THD, which is an ideal result to which
additional errors related to the practical implementation of SV-PWM control should be
added. Moreover, the results in Figures 9 and 16 are close to each other, this, of course, is
due to the accurate implementation of power electronic circuit models in
Matlab-Simulink.

4. Conclusions

The article focuses on the induction motor stator current (THD) waveforms, not the
RL circuit - as in most publications, which affect the torque ripple.

The paper uses least-squares approximation to determine the THD characteristics of
the current and torque ripple AM, as a function of the fpy switching frequency of the
transistors for VSI. This is a new approach to determining these characteristics that av-
erages out measurement errors. Several VSI approximating functions were proposed and
those with the smallest error were selected.

Dead time Tpp in transistor switching was included in the study. Two transistor
switching strategies (Pattern#1, Pattern#2) were analyzed for which the above-mentioned
characteristics were determined. Based on simulation results, it can be observed that the
Pattern#1 method gives better results for lower PWM frequencies (up to 10kHz), while
Pattern#2 should be used above 10 kHz.

Experimental tests showed higher-than-expected current THD values, so an analysis
of the implementation of SVPWM control based on processors (TMS320 and STM32) was
carried out. This analysis shows that the accuracy of the realization (resolution) of the
PWM signal depends on the clock frequency that the counter counts. The analysis
showed that not at all the highest frequency fpyyguarantees the lowest THD of current
and torque ripple.

Finally, switching losses in the VSI must also be taken into account, which are dis-
cussed in detail in [6]. It is known from this publication that Pattern#2 realizes 33% less
switching than Pattern#1 and this leads to a 50% reduction in VSI losses. Hence, drive
systems should be optimized so that THD of current and losses in VSI are as low as pos-
sible. Can any general rule of thumb be given? Based on the research, THD of current can
be considered satisfactory from 8kHz onward, and this frequency can be considered optic
for drives operating up to 50Hz.

On the other hand, from the results obtained, it can be determined that fpy,=6kHz
is the lowest switching frequency of transistors for which the stator current "resembles " a
sinusoid.

In conclusion, in the article is presented:

- approximation of THD(fpy) and AM,(fpwu) characteristics, which, taking into
account dead time, present THD changes,

- two SVPWM modulation methods (Pattern#1, Pattern#2) are compared,

-experimental results are presented,

-analysis of PWM hardware implementation.

The results obtained determine that the best THD of the current is in the 8-12kHz
range, which also affects the torque ripple.

Of course, in practice, the frequency fpyy should be chosen taking into account the
losses in the VSI, but this remains a task for designers.


https://doi.org/10.20944/preprints202305.1934.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 May 2023 d0i:10.20944/preprints202305.1934.v1

Future work should include issues of the effect of PWM switching frequency on total
losses in the drive, i.e. motor eddy currents and losses in the VSI. The research will be
able to be extended to analyze the operation of other AC motors.
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