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ABSTRACT: Inverter fed Induction motor drive systems are widely used in industrial applications because of their energy
efficiency and flexible control. The motor is subjected to over voltages due to long cable length, fast rise/fall time of inverter
pulses and impedance mismatch between cable and motor. The overvoltage causes premature failure of the motor insulation. The
proposed active filter reduces the voltage surge and increase rise/fall time of the voltage at the motor terminals. In this paper an
active filter is designed and simulated for 3-phase PWM Inverter Fed 1-hp Induction Motor drive using Simulink for different
cable lengths.
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. INTRODUCTION

Three phase induction motors are most widely used motors in industrial automation. It is often required to control the output
voltage of the inverter for the constant voltage/frequency (V/F) control of an induction motor. PWM (Pulse Width Modulation)
provides constant V/F control of an induction motor. The output voltage waveform from a PWM IGBT inverter typically has a
carrier frequency in the range of 1-20kHz and the rise/fall times of the inverter output are typically in the range of 0.05 to 0.06us.
Due to fast switching pulses, the transmission line effect and the reflection which occur at the rate of the switching frequency of
the inverter, high peak voltage can be experienced at the motor terminals. The characteristic impedance of induction motor is
normally 50 to 100 times greater than the characteristic impedance of cable, so the voltage is reflected back towards the inverter.
The absolute peak voltage is equal to the sum of the incident peak voltage travelling toward the motor plus the reflected peak
voltage[1]-[4].

Thus the overvoltage at the motor terminals depends on the distance between the motor and inverter as well as on the
impedance mismatch between the cable and motor surge impedance and switching frequency of the inverter. This overvoltage
cause premature failure of the motor [4].The objective of this paper is to study overvoltage phenomena and to reduce the voltage
surges and increase rise/fall time of the voltage at the motor terminals. There are two remedial measures put in place to protect
themotor against insulation damage. The first one is to use over sized motors or inverter-duty motors with enhanced insulation
system that can withstand high dielectric stress. The second one is to use passive filter networks connecting to the entire drive
system [7]-[8].The drawbacks of passive filters such as bulky in size and power loss can be reduced by using the active filter.The
proposed active filter is designed and simulated using Simulink.

Il. HIGH FREQUENCY MODEL OF CABLE AND INDUCTION MOTOR

To obtain the high frequency parameter of the cable, two types of tests have to be carried out for the measurement of short circuit
and open circuit impedances. The high frequency model of cable is shown in Fig.1 that provides a sufficiently accurate response
over the frequency range of the voltage pulse[5]. The proposed model for the ac motor input impedance is based on the high-
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frequency model, which has been successfully used in calculating the over voltage. The parameters of the model are the phase-to-
neutral impedance (Z,,,) and phase-to-ground impedance (Z,,). Fig.2 shows the per-phase high-frequency motor model that is
used in the calculation of the over voltage analysis. Accurate modeling of induction motors in high-frequency range plays an
important role in investigating the motor drive over voltage. Here, Cqis the winding-to-ground capacitance, Ry is the winding to

ground resistance, Ry is turn to turn resistance, Lis the turn to turn inductance, Cis the turn-to-turn capacitance and R.-parallel
resistance[5].
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Fig.1:High frequency model of the power cable per unit length
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Fig.2: High frequency model of induction motor per unit phase

I1l. THE PROPOSED ACTIVEFILTER

Fig 3 shows the circuit of the proposed active filter. Terminalsv¢,,vVe, and veg is connected to the cable terminals, while
terminals vy;;,Vm2 and vy is connected to the motor terminals. Switches S; — S in the proposed filter is switched at the
fundamental frequency of the PWM pulses (less than100 Hz) transmitting towards inverter to the motor. Table 1 and Fig 4 shows
the switching table of the six switches and gate signals respectively. Switches S; — S, are operated at low switching frequency,
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their switching losses are negligible. A general rule is applied for comparing the value of the fundamental components of v¢,Ve,
and v¢sz. WhenVe, > Vc,, S; is turned OFF and S, is turned ON. WhenV¢, < V,, S; is turned ON and S, is turned OFF.
When V¢; = Vi, the states of S;, S, remain unchanged. WhenV¢, > V3, S5 is turned OFF and S,is turned ON. WhenV¢, < Vs,
S, is turned ON and S; is turned OFF. WhenV;, = V3, the states of S5, Sg remain unchanged. WhenVe; > V¢4, S, is turned ON
and Sg is turned OFF. WhenV; <V, S, is turned OFF and S; is turned ON. WhenV.; =V, the states of S,,S; remain

unchanged.

N High frequency Proposed High frequency
Ve T Inverter model of cable active filter model I&E{g?uc"on

Fig. 3: Block diagram of proposed system
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Fig 4: Proposed active filter
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Gate Signal (81) Voltage at VCI-VC2

Gate Signl (39

,,,,,,,

ol

°
Lo

VC1-VC2 S1 S4

+ OFF ON

- ON OFF

0 Unchanged Unchanged
VC2-VC3 S3 S6

+ OFF ON

- ON OFF

0 Unchanged Unchanged
VC3-VC1 S2 S5

+ ON OFF

- OFF ON

0 Unchanged Unchanged

Table 1: Gate Signals of the six switches
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Fig 5(a): Voltage waveforms of (VC1-VC2) and gate signals to the switches S1,54
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Fig 5(b):Voltage waveforms of( VC2-VC3) and gate signals to the switches S3,S6
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Fig 5(c):Voltage Waveforms of (VC3-VC1) and gate signals to the switches S2,S5

IV. WORKING PRINCIPLES OF ACTIVE FILTER

The transformation of the components, Cg, R, L, and C, from the three-phase to the single-phase equivalent circuit shown in fig.5
is based on the method described in [6].The operating principles of active filter is explained by eight operating modes in one
switching cycle of the inverter output voltage pulses as shown in fig.6.The operations of each mode are described as follows

MODE 1 [to, t,]

Within the rise time t,, of the incoming voltage pulse, the input circuit formed by Cg,R,L and C, is designed to match the
characteristic impedance of the cable Z, in order to minimize the reflected voltage at the interface between the cable and filter
input. The values of Cg,R,L and C;, are designed to make i;, nearly proportional to v;,,. That is,

i () = 3

Zy

(0]

C. and Cy are being charged by i;,. At tg, ii,(tg) =0 A, iL(ty) =0 A,ver(ty) =0 A, ver(ty) =0 v, and vy (ty) = ver(ty) =0 v.
Due to the L % effect, i, = 0. It can be shown that
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Vin(8) = 22 (1, — 1) 2
iin(0) = 11 (4 — to) ©)
Ver(®) = o (1 — t)? @
iL(t) ~ 0 (®)
V() = St (t — 1)’ (6)

Where, t.;,, is the rise time of the voltage pulses generated bythe inverter and V. is the amplitude of the inverter output pulse.
The duration of this mode t,, is

tor =t =ty = trjny )
By using (3) — (7)
i (1) = 24 ®)
Vdc
VCR(tl) ﬁtr,inv (9)
i(t,)) =0 (10)
Vdc
VCL(tl) = ﬁtr,inv (11)
C

A

Lc L
Y'Y Y Y'Y Y

£ % RI Abs

Fig 6: Single phase equivalent circuit of the proposed filter
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Fig 7: () Mode 1[t,,t,], Mode2 [t,,t,], Mode 4 [t;,t,], Mode 5 [t,, ts], Mode 6 [tg, t;] and Mode 8 [¢, t;]
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Fig 7(c): Mode 7 [tq, t;]
MODE 2 [t;,t,]
According to (1), i;, is nearly constant. It flows through Cg,R and L to charge up C,.. Thus
Vin(t) = Vdc (12)
i (1) = 72 (13)
Vdc 3 Vac ~VCL(ty) 2 fin (ty)
Ver(t) = — et~ W)+ () = (- t) Fve(t)  (14)
iL(0) = H- grese ()7 + Vo —va @I -t} (5)
Vdc
Ve (D) = REL (t—1t) +veu(ty) (16)

This mode ends when v (t;) = Vepe — Veo= Viax, Which is the designed maximum voltage across the motor. The duration of this
mode t;, is

t =t -4 =t -ty a7

Where, t,. is the designed rise time of the voltage pulses across
the motor terminals based on (13) — (17)

i (t,) = 72 (18)
Vdc-v, iin 3
VCR(tZ) == GRZ(Ci;CL (tr - tr,inv)3 + ﬁ:(ﬁ) (tr - tr,inv)2 + % (tr - tr,inv) + VCR(tl) (19)
iL(tZ) = %{_;{%(tr - tr,inv)2 + [Vdc - VCL(tl)]tr - tr,inv)}(zo)
VCL(tZ) = Vmax (21)
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MODE 3 [t,, t4]
The diode D;, conducts v, is clamped at V. as the voltage across C, and Cpc are relatively constant. Cgis

discharging, i, is decreasing as Vy.x > Viy (i.e., V4.). The energy stored in C, and C, is transferred to Cp..
Thus

iin () = iL(0) = 422t~ 1) +iin(ty) (22)
Ver() = [M — Ver(t, )] (1-e cR R) (23)
Lc+L
VCL(t) = Vmax (24)
This mode ends when i, (t3) = i.(t3) = 0. By using (22), the duration of this mode t,5 is
to. =t —t, = Yde (e +l) (25)
23 3 2 R(Vmax_vdc)
Ver(ts) = 0 (26)
VCL(tS) = Vmax (27)

MODE 4 [ts, t,]

D,,turns OFF naturally as v, (t) < Vepe — Veo- Resonance occurs between C;, and L. Thus

i (©) = 1.0 = [Vae = Ve ()l sin] o] (29)
Ver(®) = 0 (29

t-ty

VCL(t) = [Vdc - VCL(t3)]X{1 - COS[ m]} + Vmax (30)
This mode ends at t, before v;, starts reducing from V,. to zero. The duration of this mode t5, is

taa =1, — 13 (31)
in(@)=i.(t,)=0 (32)
Ver(ts) = Ve (33)
Ven(ts) = Vge (34)

MODE 5 [t,, ts]

The voltage v, is reducing from V. to zero. The energy stored in C;, will be released to the cable through Cg,R and L. Thus

V. C
Vin(t) = Vo = 2 (¢ — 1) (35)
. _ Vg
iin(8) = ~ o (¢~ 1) (36)
Vdc
Ver(t) = ZRCRif‘inv (t —t,)? @37
iL() =0 (38)
Ve () = Voo = groa—(t = t,)? (39)
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Where tg;,, is the fall time of the voltage pulses generated by the inverter. This mode ends when v;,(ts) = 0. The duration of this
mode t,s is

tys =15 — 1 = Leiny (40)
By using (36) — (40)

i (1) = — 74 (41)

Ver(ts) = = 52 triny (42)

iL(ts) =0 (43)

Var(ts) = =t (44)

MODE 6 [ts, t,]

The energy stored in Cy, is released to the cable. Its discharging current is limited by Cg, R and L. Thus

v, (1) =0 (45)
ijn (1) = -0 (46)
Vdc (ts) iin(ts)
VCR(t) = 6RLSRCL (t—t5)° — VZC::_C: (t—t5)*+ lC_RS (t—t5) +ver(ts) (47)
. 1 Vde
i) = i [ﬁ (t—1t5)* — v (ts)(t - t5)] (48)
Vdc
ve () = - RzL (t—ts)* + v (ts) (49)
This mode ends when Ve, (tg)=—Veo=Vae — Vmax- The duration of this mode is
tse =t —ts = tr —tginy (50)
Where t; is the designed fall time of the voltage pulses across the motor terminals.
i (1) = — 74 (51)
Vdc (ts) iin(ts)
Ver(ts) = 6RL2RCL (tr — triny)® — V;E—CRS (te — teiny)® + IC_RS (tr = teiny) + Ver(ts) (52)
. 1.V
iL(te) =T 2RdCC|_ (t = trinv)? = Ver () (tr — thiny)] (83)
Ver (ts) = Ve = Viax (54)

MODE 7 [tg, t;]
Dg;conducts v, is clamped at —V,. The capacitor C, absorbs the incoming energy to maintain v, at a low level. Thus

in (1) = i1 (1) = T (1 — t5) + i) (55)
Ver(t) = [% — Ver (ta)] a- e_t‘:;_tlg) (56)
Veo (t) = Vdc - Vmax (57)

This mode ends when i;,(t;) =i, (t;) = 0. Using (55), the duration of this mode is
— Vac(Lc +L)

- R(Vmax = Vidc) (58)

to7 =t — 1
Based on (55) — (58)
Ver(t;) = 0 (59)
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Ve (t7) = Ve — Vimx (60)
MODE 8 [t t,]

Dg;turns OFF naturally. Resonance Occurs between C, and L. Thus

. . C . —

i () =i (t) = —ve (t) » - 5|n[J(L;J:z)CR (61)
Ver(t) = 0 (62)
Ve () = =ver (t){1 = c0s[ -t} + Vige = Vinax (63)

This mode ends at tg before the start of the next pulse. The duration of this mode t;g is
trg=1tg—t; (64)
Using (61) — (64)

in(ts) =i () =0 (65)
Ver(ts) ~ 0 (66)

This completes one incoming pulse operation. It is noted that the amplitudes of the oscillation of the motor terminal voltage in
Modes 4 and 8 are small. They can be approximated by V,,,,,, — V. which is less than 10% V.

V. DESIGN PROCEDURE

The values of the components are designed by using the following parameters.
V4. DC-link voltage of the inverter.

Vax - Maximum voltage of the pulse presented at the motor terminal.

t, : Designed rise time of the motor voltage from 0V to V4.

t.iny ; Rise time of the voltage pulses from the inverter.

Z, : Characteristics impedance of the motor cable.

fs : Switching frequency of the inverter.

AV¢g max - Maximum voltage ripple on C,.

AVepemax - Maximum voltage ripple on Cpc.

®Nogs~wDE

The values of the components are designed as follows:
Resistor R: The value of R is designed to be the same as Z,, in order to reduce the voltage reflection in Modes 1 and 2. Therefore
R=2, (68)

Capacitor C.: In Mode 2, the charging current of C,, is nearly constant at % and v, is increased from zero to V... Thus

_ Vae Aver,
CL = Z. )

— Vactr (69)

VmaxZO

Capacitor Cg and inductor L : The values of Ci and L are determined by minimizing the integral square error (ISE) between the
actual charging current through C;, and the designed current of % over the duration of Mode 2, i.e., t.. That is,

— i Vacy,
ISE = (Iin(t) —Z—) dt
0 (]
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= V2t [T + (- ;—:)]Zdt (70)

Where Cge [1nF,100nF] and L € [24pH, 72uH] with t. = 1us, R=74Q and V,4.-300V. With Cx=5nF and L=38pH, the value of ISE
is minimum.

Capacitor C, : The value of C, is designed by considering its maximum voltage ripple A V¢, . . Current if flowing through C, in

Modes 3 and 7. The maximum duration of Mode3, t3 ., is considered. It is assumed that the duration is one-nth of the switching

period. N is chosen between 5and 20. Thus,
1

t23,max = (71)

nfs

By considering the waveform of i;,, between t, and t; in Fig., 6, the average current through Co, I¢,,

is equal to
1Vqc
e, = ;% (72)

. 1V, t
Thus, the value of C, isC, = ;%Afﬂ
o} Comax

“de (73)

2nfsZo AV max

Resistor Ry, : As D,, only conducts in Mode 3, its average current equals to the value in (72). Since the average current through
R, is the same as the one of D, ,.

1Vee  Vepcl 1
2 Zo RL fs t23,max

R, = —Z“Z‘I;ZCCDC (74)

Where Vepc=2vi ax—Vae:

Capacitor Cpc : The value of Cpc is designed by considering its maximum voltage ripple A Vepe max- When icpe> 0, Cpc is being
charged. This happens when the filter is operating in Mode 3 (i.€., t;3 max ), icpc Can be expressed as,

. Vdc t \
icpc(® = %(1 - max) - ;Zc ¢ € [0,t53 max ] (75)
The duration of charging Cpc, tey iS,
VepeZo
tch = 1:23,max(1 - ‘;::::(;L ) (76)

By using (75)-(76), the average charging current of Cp¢, l¢pc, is equal to,

— 1 rten; — 1,/Vdac _ Venc
lepe = ton fo icpc(Ddt = 3 ( Zo Ry MNen (77)
t
Thus, the value of Cpc>lcpe —2—
AVeDC,max
— _ (VacRL-VepcZo)? (78)
2VchLzzonfsAVCDC‘max

VI. RESULT OF THE SIMULATION MODEL

In SIMULINK, the three phase inverter fed induction motor is designed using high frequency model of the cable and
induction motor as shown in figure 7. In the inverter model, Pulse Width Modulation technique and IGBT as a switch are used.
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The #8 gauges cable is connected in between the inverter and 3hp motor, and 300V pulse voltage is applied to the motor

through the cable. The length of the cable is varied for 10m, 20m,40m,60m, 80m and 100m and the phase to phase voltages are

observed at the motor and inverter terminals. Fig 8 shows voltage waveform at inverter and motor terminals without filter for a
cable of 20m.

Inverter High High
frequency frequency
model of model of
rahla motor
Measuring Measuring
voltage at the voltage at the
inverter inverter
terminal terminal

Fig 7: Model of inverter fed induction motor (Without Filter)
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Time in Seconds

" W " W ! i W‘ MHM ™ W “WHI "

Voltage at Inverter Terminal (V)

...............

Fig 8: Voltage Waveform at Inverter and Motor terminal for 8 Cable Gauge of length 20m

The designed active filter is connected between high frequency model of cable and induction motor to avoid the overvoltage

occurs at the motor terminal. Fig 9 shows the phase to phase voltage at the motor terminal for 8 gauge cable length of 20m with the
proposed active filter.

> Voltage at Motor Side (With Filter) |

Fig 9: Voltage Waveform at Inverter and Motor terminal for 8 Cable Gauge of length 20m

VII. CONCLUSION

In this paper, a novel active filter has been proposed for PWM inverter fed induction motor. Results from the simulation have
proven that mitigation of overvoltage can be achieved by the proposed filter for an induction motor drive fed by long cable. Design
consideration for the proposed filter has been presented, in addition to the working principles of the active filter.

Convriaht to IJAREEIE WWW. iiareeie.com 568



ISSN (Print) : 2320 - 3765
ISSN (Online): 2278 — 8875

International Journal of Advanced Research in Electrical, Electronics
and Instrumentation Engineering
(An I1SO 3297: 2007 Certified Organization)
Vol. 3, Special Issue 2, April 2014

REFERENCES

[1] E. Persson, "Transient effects in application of PWM inverters to induction motors”, IEEE Trans. Ind. Application., vol. 28, pp.1095 -1101 1992.

[2] A. H. Bonnett, “Analysis of the impact of pulse-width modulated inverter voltage waveforms on AC induction motors,” IEEE Trans. Ind. Application., vol. 32,
pp. 386-392, Mar./Apr. 1996.

[3] R. Kerkman, D. Leggate, and G. Skibinski, “Interaction of drive modulation and cable parameters on AC motor transients,” in Conf. Rec. IEEE-IAS Annu.
Meeting, vol. 1, San Diego, CA, 1996, pp. 143-152.

[4] P. Van Poucke, R. Belmans, W. Geysen, and E. Ternier, "Overvoltage in inverter fed induction machines using high frequency power electronic components",
Proc. IEEE APEC Conf., pp.536 -541 1994.

[5] A. Moreira, T. Lipo, G. Venkataramanan and S. Bernet "High-frequency modeling for cable and induction motor overvoltage studies in long cable drives",
IEEE Trans. Ind. Appl., vol. 38, no. 5, pp.1297 -1306 2002.

[6] S. Lee and K. Nam, “Overvoltage suppression filter design methods based on voltage reflection theory,” IEEE Trans. Power Electron., vol. 19, no. 2,pp. 264—
271, Mar. 2004.

[7] A. von Jouanne and P. N. Enjeti, "Design considerations for an inverter output filter to mitigate the effects of long motor leads in ASD applications”, IEEE
Trans. Ind. Applicat., vol. 33, pp.1138 -1145 1997.

[8] S. Kimand S. Sul, “A novel filter design for suppression of high voltage gradient in voltage-fed PWM inverter,” in Proc. Conf. Rec. IEEE Appl. Power
Electron. Conf. Expo., Feb. 23-27,1997,pp.122-127.

Copyright to IJAREEIE WWW.ijareeie.com 569



