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Steady-State Torque Pulsations in Current Source Inverter
Fed Induction Motor Drives

(Hwi-Beom Shin -

E**

Myung-Joong Youn)

2 o

>
L
o

%

93w HEELAE 4 AGY 4 e Bue o] ARl wa of wa

22 HEL HAAN) A WAL W P4 8 AF AR A2 Ao H8D g
228 ALE & ek AR P B AEa) dsted RE HEA Y DoQ
Hoelelxl AR Asteh vadolxe, wFUer TEL A5 WE von
T oh2Al Fotadel weh ey g o 4 rk

AR gz 755 FE45719 $49 5713129 We ez vy A A Abeoll A o] W
= i
Y,

Z 3

Abstract-A simple method that estimates the torque fluctuations in induction motor driven by CSI
under steady state condition is presented and that uses the phasor diagram from the modified single-
phase equivalent circuit, This method is also applied to evaluate the PWM and programmed dc¢
link modulation techniques for reducing the torque pulsations, The simplified calculations are com-
pared with the exact digital solutions from machine D-Q equation. It is noted that the torque
pulsations in induction motor driven by CSI are dependent upon the load condition unlike VSI.

1. Introduction

Torque pulsations occur inherently over the entire
operating range in induction machines driven by
current source inverter( CSI). These torque pulsations
are most apparent and troublesome at fundamental
frequencies of zero to approximately five to ten per-
cent of base frequency”, Therefore, an estimation of
the amplitude of these torque pulsations under steady
state will be useful in a prelimianry study of the
current source inverter induction motor drive for a
particular load. The machine D-Q model has been
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usuall used to calculate the torque pulsations with
aid of computer”? ®, This digital solutions include the
inverse and exponential terms of matrices so that
the hand calculations using this machine D-Q model
are very difficult. When the current modulation tec-
hniques are adopted, especially, the torque fluctuat-
ions under steady-state condition cannot be easily
calculated. The model normally used for studying
the steady-state behavior of the machine is the sin-
gle- phase equivalent circuit®,

In this paper, an easy method for evaluating the
torque pulsations with nonsinusoidal applied current
is described using the modified single-phase equiva-
lent circuit of induction machine. Fig. 1 shows the
schematic diagram for the CSI-induction motor, The
three-phase rectangular wave currents, which flow
for only 120 degrees of each half-cycle, are basically
considered and this method is also applied to evaluate
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the PWM and programmed dc link current variation.
The simplified calculations using the proposed method
are compared with the digital solution of the exact
D-Q machine equation under steady-state condition,
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Fig. 1. Schematic diagram for CSI-induction motor,
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Fig. 2. Conventional equivalent circuit of induction
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Fig. 3. Generalized equivalent circuit of induction
motor.

Fig. 4. Modified equivalent circuit of induction motor
when driven by CSI.

2. Modified Single-Phase Equivalent Circuit
Torque pulsations of induction motor driven by
voltage source inverter have been estimated using
the conventional equivalent circuit shown in Fig, 2
* Since the rotor branch in this equivalent circuit
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consists of the rotor leakage reactance and resistance,
the expressions for the rotor current and internal
voltage are very complex. Therefore, it is difficult
to calculate the torque fluctuations of induction motor
driven by CSI using this conventional circuit without
aid of computer. Thus, it is necessary to modify this
conventional circuit for estimating these torque fluc-
tuations. Fig. 3 shows the generalized equivalent
circuit of induction machine with an arbitrary referral
ratio of ‘a™. A conventional circuit can be obtained
from this generalized circuit by choosing ‘a’ to be the
stator to rotor effective turns ratio. An extremely
useful form of this circuit for calculating torque pul-
sations is obtained by choosing the referral ratio such
that the series reactance in the rotor branch is zero.
Setting this element equal to zero in the general cir-
cuit of Fig. 3 yields the value of the required referral
ratio as

a=L, /L, (1)
With this choice of ‘a’ the general circuit can be re-
duced to the one shown in Fig, 4, The stator branch
can be excluded in this modified circuit because the
induction motor is driven by CSI,

It is noted that the stator current is divided into
two components . one is through the new magnetizing
branch expressed as I,, and another is through the
new rotor resistance expressed as I ;. These are the
two components of stator current which produce the
rotor flux and shaft torque, respectively.

The vlotage E, is equal to the negative of the time
rate of change of the rotor flux linkage X, from the
conventional circuit shown in Fig. 2, as
E=—joX, (2)
From the citcuit shown in Fig. 4, the current I,, is

given by
-I'“= _ E, (3)
) weLm
Combining (2) and (3) yields
To=Ln - Ty (4)
which clearly means that the rotor flux is produced
by Ts‘
The torque component of stator current is given by
Ts T II:; _I'r (5)
Therefore, the stator current is
T,=IsT+jI,¢ (6)
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Fig. 5. Phasor diagram for fundamental component
of stator current,
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Fig. 6. Modified equivalent circuit for nth harmonic
stator current,

The developed torque is represented in the conven-
tional circuit as

T— _3’2 . _E% (7
and this torque, however, can be expressed in the
modified circuit using (2), (3), (5) and (7) as

T=K; Ly - Lr (8
where
_3P  La 9
K, 5 L

Therefore, the amplitude of torque pulsations can
be calculated from these two components of stator

current,

Fig. 5. shows the phasor diagram for the fundamen-
tal component of stator current from (6) and the
angle v is given by

weL, (10)
v (ﬂ)eLr) 2+ (Rr/s) 2

For the n-th harmonic stator current, the following

cos y=

relations are satisfied,

s, = 1 (11)
and

nwlLy,>> (L.,/L)- (R,/ s,) (12)
where s, denotes the slip for the n-th harmonic com-
ponent. These conditions are normally valid. Since
the rotor flux produced by the harmonic current can
be negligible, the modified equivalent circuit for the
n-th harmonic current can be redrawn as shown in
Fig. 6 and
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L=l - (13)

In the following calculations of torque pulsations,
the harmonic torques due to the interactions of fun-
damental rotor flux and harmonic torque components
of stator current are only considered because the rotor
harmonic fluxes have small effects on the torque
pulsations,

3. Torque Calculations Using Phasor Diag-
ram
3.1 Quasi six-stepped current waveform
The motor line currents produced by CSI are shown
in Fig. 7. If 1 is the magnitude of the current in the
dc link, one phase stepped current can be represented
using the Fourier series expansion as
el @ )=/ 2 (1, sinw,t+ I 8in5e,t 41, sin7w,t+
L, sinllw,t+1;sinl3w,t++)  (14)

where
L= (v6/7 L, L= —1a/5
137:k131/7. Is“=131/11‘
Iaa=16/13, -oee i
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Fig. 7. Quasi six-stepped current waveforms,

In a three-phase machine, Fig. 8(a) shows all five
of these current phasors in a single diagram, rotating
at their own synchronous speeds and directions. For
simplicity, Fig. 8(b) is obtained by giving the whole
diagram a clockwise rotation with the speed of w,
to make the fundamental phasor stationary, Fig, 8
(b) shows the sixth-and twelfth-harmonics due to
L4, with 1,; and I;, and 1,,; with I, and L, res-
pectively. From this diagram, an average torque and
harmenic torques can be obtained as

Te]‘:Kt : Isll . IsT]zKl ) Isﬁ] : IsI ccosyY (15)
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Fig. 8. Phasor diagram for fundamental and harmonic
currents,

T=K, - L4 [(Ly;—1;) cos cosbwt +

(I,+1,5) sin7sin6w,t ] (16)
T.o=K, Ly, - (Lys—1;,) cos? cosl2wt+
(I,;3+]1,;; sin?sinl2w,t ] (17)
where
1,4,=L, - sin?. (18)

Hence, the torque pulsations in CSI fed induction
motor drive are dependent upon the load condition
unlike these in VSI fed induction motor drive. The
maximum torque T, ., is obtained from (15) and
(18) as

T, ma=(K,/2) - I’ 19
when 8Hp Sy 18

8mar=R, / &L, (20)
where

L~=L,+L;, 1

In reality, the stator core is saturated at near or above
8maz. Thus, T, g 8nd s,,, are calculated from (19)
and (20) with the saturated magnetizing inductance.
Also, this maximum torque is affected by the voltage
capability of CSI. However, the slip relation given
by (20) insures the operating ranges of CSI fed in-
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Fig. 9. DC link current having the sawtooth shape.

duction motor drives.

3.2 DC link current modulation

When the de-link current is modulated in order
to reduce the torque fluctations, the shape of dc-link
cutrent can be approximately considered as the saw-
tooth shape shown in Fig9. This link current can
be written using the Fourier series expansion as

im(w,t).—_'g-n—‘tr- -sinn—z’r- cos(nr) [ (—sin—rlz’—(—)- Igsin

(n‘-’,t)+(—n3?sin%’r— -—cos’% ) - &lg cos (nw,t) ]

= /7 - [ (1, sinwt+L; sinsw,t+1,; sin7wt+
I, - sinllwt+--- )+ (AL coswet + Alscos5w,t

+ AlL,; cosTwt+ Al cosllwt+) ] (22)
where
a1,=% & B)a1a 1,5=%‘:— (= +§ )OI,
Aly,
=f7£" 7% ’% ) slp, ALy, =f1—f13ﬂ- ( % +% ) Alg
Ip3== g (—1§3;‘ —l%—‘—)AI,,,

In (22), it is noted that one phase modulated current
is divided into two compoments due to the average
link current I and the deviated link current Alp

The related current phasor diagram is shown in
Fig. 10. From this diagram, the torque pulsations are
calculated as

Ty=K, - Isdl - (I - cosy+AI, giny) (23)

Ts=K, - Ls{ [{I5—1s) cosy+
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(AIg+ALg)sin v] cosbw,t 3+ [(I;+]1)
siny+( Algs— Al,;) cosy] sin6w,t } (24)

Tap=K, - L g1l [ (T3~ ILu1) cosy+( ALy +Alys)
siny ] cos12wt+[ (Ly5+ 1) siny+{( ALy —
Aly3) cosy] sinl2w,t} (25)

Is'n

Alsn Sl

sTI

ALSTIJ

Ism

[Srll
6 we
(N 1815

Fig. 10. Current phasor for sawtooth-type link cur-
rent,

The six-stepped current contains only sine terms as
in (14), but the stator current contains both sine and
cosine, namely 90°-phase different, terms in case of
the programmed dc¢ link modulation. Hence, this
modulation reduces the torque pulsations as the
magnitude of sine terms in harmonic torques given
by (24) and (25) is reduced.

3.3 PWM current modulation

The objective of PWM current modulation is to
eliminate the lowest motor current harmonics and
consequently eliminate the lowest torque harmonics.
To obtain the identical three-phase output currents
from CSI, the current pulse pattern must have the
following characteristics” :

i ) The pulse pattern should be quarter-wave
and half-wave symmetric,

ii) No PWM is permitted between 60° to 120°
portion of the half-cycle.

iii) For 30° on either side of the 30° and 150°
portions, the pulse pattern must be an in-
verse mirror image.

Fig. 11 shows the general PWM pattern for 5 and
7 pulses per half-cycle. Because these PWM wavefor-
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Fig. 11. General patterns for 5 and 7 pulses per half-

cycle PWM,

ms are half-and quater-wave symmetric, one phase
curr, ent for p-pulse can be expressed as

(@) =F, —= L[ 3]~ D" cos(nay)]

nml5

sin(nw,) (26)
In (26), the magnitudes of harmonic currents in six-
stepped waveform of (14) are only changed. Thus,
the torque pulsations can be estimated by the same
phasor diagram of the quasi six-stepped current
waveform. This PWM method reduces the lowest
torque harmonics by reducing the lowest harmonic
currents,

4. Comparison of Simplified and Exact
Calculation
Simplified torque calculations from phasor diagram
are compared with the computed results obtained
by digital solutions of the machine D-Q equation®
® The followings are the machine parameters obtained
from a 25hp, 4-pole 230V 64A three-phase 60HZ
machine :

R,=0.0380 pu ; R,=0.0197 pu
X,=2.77 pu ; X,=2.89 pu
X,=2.68 pu.

Table I shows the average and harmonic torques
under several different operating conditions when the
applied stator currents are six-stepped waveforms.
The simplified calculations are nearly equal to the
exact solutions. The result shows that the magnitude
of torque pulsation decreases as the slip increases.
Thus, it can be seen that torque pulsations increase
as the load increases under the normal operation of
CSI induction motor drives, This fact can be ack-
nowledged from (16) and (17) using the trigonomet-
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Table 1. Torque comparisons with six stepped-waveform,

®, ™ Ip Average Torqueipul 6th harmonic[pul 12th harmonic{pul
[Hz] [rpm] [A' Simplified [Exact Simplified IExact Simplified Exact
60 1770 82 1.087 1.090 0.150 0.147 01.0686 0.0671
60 1720 82 0,496 0.497 0.038 0.036 0.0143 0.0136
60 .1670 82 0.317 0.317 0.021 0.019 0.0067 0.0062
30 860 82 0.930 0.933 0.110 0.101 0.0489 0.0476
30 810 82 0.458 0.458 0.034 0,031 0.0124 0.0114
5 125 82 1.301 1.305 0.224 0.216 0.1050 0.1030
] 115 82 1.039 1.042 0.137 0.133 0.0620 0.0610
5 105 82 0.847 0.859 0.094 0.091 0.0411 0.0399
Torque (pu) Torque (pu)
1.2 120
0. 90y 0.90
™~ Simlified torque  Exact torque !
0. 60 Simlified torque Exact torrue 0.60
0. 30 0. 30 .
Simplifed 6th & 12th harmonic torque Simplified 6th & 12th harmonic torque
V VU M.V VY \VARVARY, \/ U
—0.30 Exact 6th & 12th harmonic torque ~0.30 Exact 6th & 12th harmonce torque
0.00 90.00 180. 00 270. 00 360. 00 0.00 90.00 180.00 © 270.00 360.00
[Dedrees) [Dedrees)

Fig. 12. Torque pulsations in induction motor with
quasi six-stepped currents : @,=30[HZ],
o =1. 34[HZ], I,=82[A].
ric relations. Fig, 12 and Fig. 13 show the torque
pulsations when the six-stepped currents are applied
to induction motor. The simplified 6th and 12th har-
monic torques resemble the exact ones but the sim-
plified calculations are erroneous when the percent
slip increases. However, this calculations are very
useful in normal slip operation. The simplified torque
with only 6th and 12th harmonics is close to the
torque with all harmonics obtained from machine
D-Q equation, although the harmonic torques due
to harmonic rotor fluxes are neglected.
Whan the de link current is modulated to the sawtooth

waveforms, the relevant harmonic torques are shown
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Fig. 13. Torque pulasations in induction motor with
quasi  six-stepped currents : w,=5[HZ],
w,=1. 2(HZ], I,=82[A].

in Table II under several different operation conditions,

It can be seen that there is a certain deviated current

to minimize the harmonic torques and the reduction of

torque pulsations is dependent upon the deviated link
current. The average torque is not nearly varied by this
link modulation, Fig, 14 shows the lowest possible torque
pulsation, However, Fig. 15 shows the torque pulsation
when under-modulated so that the link current needs
to be more deeply modulated in order to reduce it, The
simplified calculations can be seen to be close to the exact

ones,
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Table II. Torque comparisons with sawtooth-type waveform (Iz=82[A]).
w, W, Al,  Average Torquefpu] 6th harmonic [ou) 12th harmonic(»u)
{Hz] [rom) [$%) Simplified  Exact Simplified Exact Simplified Exact
30 860 10 0.930 0.931 0.0701 0.0634 0.0244 0.0266
30 860 15 0.930 0.931 0.0627 0.0592 0.0163 0.0144
30 860 20 0.930 0.931 0.0682 0.0716 0.0177 0.0216
5 115 10 1.039 1.039 0.0884 0.0714 0.0338 0.0284
5 115 15 1.039 1.0339 0.0754 0.0569 0.0244 0.0158
5 115 25 1.039 1.038 0.0885 0.0861 0.0252 0.0306
Torque [pu) Torque (pu)
1 20— e e -\ 120
Exact torque

L2 VA VI VA VAR VAN

Similfied torque

Exact 6th & 12th harmonic torque
00, 002N LN TN LN e TN TN

VAR VARV VA VAN

Simplified 6th & 12th harmonic torque

—0.30,
0.00 90.00

270.00 360.00

(Degrees}

180.00

Fig. 14. Torque pulsations in induction motor with
sawtooth type link current : w,=30(HZ],
wy=1, 34[HZ], Ip=82[A], AI,=15[%.

5. Conclusion
A simple method of estimating torque fluctuations
of CSI induction motor drives under steady state,
using the phasor diagram from the modified single-
phase equivalent circuit, has been presented. The
proposed method has the following advavtages ;

1 ) The developed torque can be calculated wit-
hout aid of computer,

ii ) The torque fluctuations are easily calculated
for PWM and programmed dc link current
variation techniques.

iii) Torque characteristics can be easily inves-
tigated in preliminary study,
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0.00 90.00 180,00 270.00

Fig. 15. Torque pulsations in induction motor with
sawtooth type link current :w,=5[HZ],
07,1=1. 2[ HZ], IR=82[HZ], AIR—_—IO[%]

The result shows that the PWM method reduces
the torque pulsation by reducing the lowest harmonic
currents itself and the programmed dc link current
modulation reduces these by adding the 90°-phase
different current to the six-stepped stator current.
Also, it can be seen that the torque pulsations in
induction motor driven by CSI are dependent upon
the load condition unlike the voltage source inverter.
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