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A Current-Source-Inverter-Fed Induction Motor
Drive System with Reduced Losses

Jo® R. EspinozaMember, IEEE and Geza Jds, Senior Member, IEEE

Abstract—Standard low- and medium-power induction motor  reliability, due to the unidirectional nature of the switches
drives are based on the pulsewidth modulation (PWM) voltage- and the inherent short-circuit protection; and 4) instantaneous
source inverter fed from a diode rectifier. The dual topology. 504 continuous regenerative capabiliies. These features, in

based on the current-source inverter/rectifier structure is used .. . . .
in medium- and high-power applications. This paper analyzes addition to the availability of large reverse blocking devices

the existing motor drives based on current-source topologies and [Such as gate-turn-off thyristors (GTO’s)], make the CSl-based
proposes a control strategy that addresses some of the drawbacksdrive attractive in medium to high power applications.

of this approach compared to the voltage-source approach. The  pegpite the above advantages, the configuration based on a

proposed strategy features the following: 1) an on-line operated ., iy front-end rectifier presents a poor and variable overall
PWM inverter, using instantaneous output capacitor voltage

control based on space-vector modulation and 2) an additional in- INPUt power factor (PF). To overcome this drawback, it has
verter modulation index control loop, ensuring constant inverter been proposed to replace the front-end thyristor rectifier by
modulation index and minimum dc-link current operation. The  a pulsewidth modulation (PWM) current-source rectifier. This
resulting additional advantages include the following: 1) fixed and  5)|ows operation with a unity input displacement PF, while
reduced motor voltage distortion; 2) minimized dc-bus inductor ina th fi biliti f the dri ’4

losses; 3) minimized switch conduction losses; and 4) elimination preserving the rege”era ve C_apa liues o ; e drives [4]. .

of motor circuit resonances. Experimental results based on a  However, the implementation of CSI drive systems with
digital signal processor implementation are given. on-line control capabilities is more complex than for VSI's,

Index Terms—AC drive, pulsewidth modulation current-source due tp the CSI gating reqw_rements. T_h's _ha_s r_esu'ted In
rectifier/inverter, reduced losses. the widespread use of selective harmonic elimination (SHE)
stored patterns [3], [5], [6], usually with a fixed modulation
index. On-line control of the CSI requires complex control [3]
and/or power [7] circuitry, which has led to two main control

O CONTROL the motor armature, ac adjustable-speegbproaches: 1) control schemes that use stored patterns (such

induction motor drives employ mostly a voltage-sourcas SHE) and variable dc-link current to control the output
inverter (VSI) topology. Both scalar and vector control ogurrent and 2) control schemes that use fixed dc-link current
induction motors are used in this approach, the latter requiriagd a variable modulation index of the PWM generator at
current control of the VSI [1]. Although energy storage ishe CSI stage to control the output current. However, the
more practical and efficient In capacitors _than in IDQUCtOFﬁrst approach presents possible potential resonances between
the use of VSI's may result in reduced drive reliability dughe output filter capacitor and the motor inductances [8],
to the highdv/dt of the pulsewidth moduilat(_a('j inverter outpuf9], and the second approach features the following [10],
voltage [2]. However, thelv/dt can be significantly lowered [11]: 1) important losses in the power switches and dc-link
by filtering the VSI output voltage. This can be achieved binductor; 2) power switches under constant current stress (they
adding filtering reactors, or bettelrC filters. must always commutate the nominal dc-link current); and 3)

The current-source inverter (CSI) topology offers a numbggriable harmonic distortion of the motor voltage with the
of inherent advantages, including [3]: 1) short-circuit proes| modulation index.
tection, the output current being limited by the regulated This paper discusses a CSl-based ac induction machine
de-bus current; 2) low output voltagév/dt, resulting from grive with the following features: 1) the motor voltage, rather
the filtering effect of the output capacitor; 3) high convertgfan the motor current, is regulated on-line by using a feedback

control techniqgue and 2) the dc-link current is regulated to
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Fig. 1. AC drive CSI based on a phase-controlled front-end rectifier (50% nominal load and 60-Hz output). (a) Power topology. (b) Supply phase voltage
(vsa) and supply line currenfl5 - is,). (c) DC rectifier voltage(v,-) and dc-link current(15 - i4.). (d) CSI line current(i;,) and load line voltage
(vap). (e) Load phase voltagév;,) and load line curren(15 - i;,).

tages over conventional CSI motor drive implementations: II. STANDARD CSI-BASED AC DRIVES

1) the gating signals are directly generated by the spacey, ihis paper, drive classification is based on the structure
vector digital modulator (extra circuitry is only necessary tg¢ the front-end power converter, which could be either a

ensure overlaps); 2) the potential resonances are eliminafiethse controlled thyristor rectifier or a PWM current-source
due to the feedback-based voltage controller; 3) the stressgsisier.

on power switches and the overall losses are always minimum

due to the minimum dc-link current operation; and 4) due to N

the constant inverter modulation index operation, the motfr Phase-Controlled Front-End Rectifiers

voltage harmonic distortion is constant, which minimizes the These drives use a front-end rectifier based on thyristor-type

induction motor losses and allows an accurate output filtpower switches (Fig. 1), which can be operated with either

design. These features make the CSI drive an interestwvariable or fixed dc-link current. The performance of the drive

alternative to VSI-based drives operating at similar switchingpnverter depends on this last feature.

frequency, when the requested fundamental reactive powed) Variable DC-Link Current Schem&he CSI is operated

could be disregarded with respect to output power. with a fixed pattern, which is usually optimized in terms of
A complete comparison with standard CSl-based ac drivearmonic spectrum and switching frequency. Thus, the load

is also presented. Key performance indices, such as harmorottage harmonic distortiofTHD,,) is minimum and constant

distortion (THD), PF, and time response are evaluated afithble [). However, the dc-link current must be adjusted

tabulated for both the standard and the proposed schenibsough transient changes in firing angle) to meet the

Experimental results are given for a 2-kVA induction motorequirements of the load. The dc voltage, on the other hand,

drive. is practically constant and independent of the load torque.
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TABLE |
CSI-Basep AC DRIVE SCHEME COMPARISON

Thyristor Front-end Rectifier PWM Front-end Rectifier
Parameter Variable i, Fixed iy, Fixed i . Variable i ,
Fixed CSI Pattern PWM CSI PWM CSI PWM CSI *
THD,, motor voltage speed dependent speed dependent speed dependent constant
harmonic distortion 10<THD,<3.5% 10 <THD,<3.5% 10<THD,<3.5% THD,=3.5%
THD,, supply current constant constant speed-torque dep. constant
harmonic distortion THD; = 142% THD; = 142% 10<THD;<3.5% THD;=3.5%
ac supply power factor speed dependent speed-torque dep. speed-torque dep. constant
®h 0<pf<0.85 0<pf<085 0.8 <pf<0.95 =095
transient response slow fast fast fast
T To 1/l TQ l/fsa,,,ple T 0 Wfsampte T Y fampte
de bus and switch reduced high high minimized

conduction losses

*: Proposed CSI-based ac drive control scheme.

,}Z Va N
where, THD % = B L k=2

2100 and THD,%=-%

n sl

-100

This last feature leads to a constant input current displacembigh supply current harmonic distortion, due to the thyristor
factor and, thereby, a constant overall PF (Table 1). Also, sincectifier operation (Table 1). Typical waveforms shown in
the dc-link current tracks the output current, the dc-bus af@y. 1 are also applicable in this case; however, in this mode of
switch conduction losses are kept to a minimum. Usually, tlegoeration, the rectifier phase angte) is continuously adjusted
dc-link inductor is designed to have an acceptable currént maintain a constant dc-link current, regardless of the load
ripple (5%). In order to achieve this value and due to thgpeed and torque.

low-order harmonics produced by the thyristor rectifier (sixth,

12th, etc.), the size of the dc inductor becomes quite bulkg, PWM Front-End Rectifiers

This resuilts in a slow_syste_:m tr_an5|ent response. A(!SO’ theUnIike phase-controlled rectifier topologies, this topology
supply current has a high distortion factrHD; = 142%) uses a PWM rectifier (Fig. 2). This allows a reduction in

due to the .Iow-orde-r.harm-onics (fifth, sev_enth, etc.) injectq e harmonics injected into the ac supply. The rectifier is
by the thyristor rectifier. Fig. 1 shows typical waveforms OI)perated with a fixed dc-link current. Fig. 2 shows typical

the converter. The rectifier phase angie) is only adjusted \;aeforms of the converter. The PWM pattern is adjusted
during transient conditions occurring under load speed agfl 5 continuous basis to keep a constant de-link current. In

torque variations. _ contrast to topologies based on thyristor front-end rectifiers,
2) Fixed DC-Link Current Schemé&nlike the above con- e overall drive input PF is always greater than 0.95, and

trol scheme, the CSl is operated with a PWM pattern, whigRe total input current harmonic distortion, which depends on
varies as a function of the QSI rr_lodulatlon_ |nde>_<. Thereforg,q sampling frequency, is typically lower than 10% (Table ).
the load voltage harmonic distortidTHD,,) is variable and a|so, since the output inverter is PWM modulated, the system
depends upon the speed and load torque (Table ). Since {3g time responses close to the sampling period. However,
dc-link current is fixed, the different load power requiremenige gc-bus losses and switch conduction losses are maximum,

are obtained by varying the dc-link voltage. To achieve thigince the dc-link current is always equal to its maximum value,
the input current displacement factor is continuously adjustegyardless of the load speed and torque.

and, thereby, the input PF becomes variable and close to zero
for light loads. Contrary to the variable dc-link current scheme,
the dc-bus and switch conduction losses are always maximum,
due to the fact that the dc-link current is always maximum o
(Table 1). Although the dc-link inductor size is as big as th&- Power Circuit

one used in the above scheme, the dynamic response of th€he complete power circuit (Fig. 2) belongs to the second
load current is improved, due to the variable PWM pattermategory described above, therefore, it is composed of a three-
approach with time responses to modulation index changespblase PWM rectifier, a dc-link reactor, and a three-phase
the order of a sampling period. This scheme also present®W&WM CSI.

IIl. PROPOSEDAC DRIVE SYSTEM DESCRIPTION



ESPINOZA AND JADS: A CSI-FED INDUCTION MOTOR DRIVE SYSTEM WITH REDUCED LOSSES 799

ac Input PWM DC PWM Output

Mains Filter CSR Link csI Filter Load
| 3 - |
‘ | ‘ l%ic : |
A | ;1 v ] | w [i;] 1] ]
D— > > s 0 — -
O—m : o 3 —m)
e €42, /gy [[[o
(@)
200 400

0 i A | ic L 1 v’ |
Vs{w | l .’l | 1“““‘\‘ ) \.m ) l\m\"“li‘_ ‘l ARR Ly

I Ty | M |
UL

|
N

I
v il

il

100ms 105ms 110ms 115ms 120ms 125ms 130ms 100ms 105ms 110ms 115ms 120ms 125ms 130ms
(b) ()

350 350

d N N

-350 -350
100ms 105ms 110ms 115ms 120ms 125ms 130ms 100ms 105ms 110ms 115ms 120ms 125ms 130ms

(d) ()

Fig. 2. AC drive CSI based on a PWM front-end rectifier (50% nominal load and 60-Hz output). (a) Power topology. (b) Supply phasewaljage
and supply line currenfl5 - i,4). (c) DC rectifier voltage(v,-) and dc-link current(15 - i4.). (d) CSI line current(i;,) and load line voltag€& v,y ).
(e) Load phase voltagév;,) and load line curren{15 - i;,).

The main function of the PWM rectifier is to regulate thé. Control System Structure

level of the dc-link currentia.), by transiently adjusting the e general control diagram of the proposed CSl-based ac
PWM rectifier dc voltage v, ). The high-frequency harmonics yye s shown in Fig. 3. Unlike the fixed dc-link current

injected into the ac mains by the PWM rectifier oloeratichheme, this scheme varies the dc-link current, in order to

are eagily a'bsorbed by the rectifier filtg®;.). "rherefore,. the keep the CSI modulation index constant in steady state. The
input distortion PF and, thereby, the overall input PF, is CIO?ﬁobal control strategy is composed of two main control loops.

to unity over the whole operating range. The first control 100D i
. . p is the motor speed contr@},,)
The second system component is the dc-link reagiag). based on a slip speed regulator, which sets the slip speed

][ts func?on IS to sm?oth the ?C'tlr']nkpc\y\;;/? (?SCI) ?_?]d’ there.-t reference(w1). The synchronous speed,,.), obtained by

o?‘r% a(ijea:)SeﬁdCsugr?r'][hzoggr:riisosiblz dc-link cu.rrenia rrig?)?emaLrllHSdmg the actual speed and the slip speed, determines the
dc - .

the switching frequencies of the PWM rectifier and PWM CS} verter frequency(f,). The motor voltage reference signal

. . . . is constructed from the frequency using a function
Since practical switching frequencies are of the order of 1— gl’ref) . d y g :
enerator, which ensures a nearly constant flux operation.

kHz, the size of the dc-link inductor becomes substantialfy.
. o inally, the voltage controller and the space-vector modulator
smaller than for the thyristor rectifier case. 2 .
. . roduce the switching patterfiS;]) based on the difference
Finally, the CSI produces three-phase PWM line curre Sétween the sine voltage reference wavefof ]) and the
([¢]) with the minimum possible harmonic distortion. The g [0t

output capacitive filtefC;) absorbs the high-frequency curren?amIOIeOI load voltage wavefornia,]). This feedback scheme

harmonics generated by the CSI PWM action and, theret% Q?ures tt:at thte CiS| ?tatlng platttern Ilstr:T]Od'?ed on-ine, so as
defines the sinusoidal output voltage. orce the output voltagey] to track the referencu, ),

thereby resulting in a fast dynamic response, with rise times in
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Fig. 3. Control scheme of the proposed ac drive CSI incorporating modulation index control for reduced losses (motor controbifgescheme).

the range of the sampling perid€,...1.) of the space-vector and

technique. Analysis and design guidelines of this inner motor Via v sin(wit — 1)
voltage loop are given in [12]. wp | = V2L sin(wt — 120° — 9)) (3)
The second control loop is the PWM CSI modulation index Vie V3 sinwt — 240° — 1)

loop (m;). The main function of this slower loop is to set on- . L . .
line the dc-link current referendé,. .r) in such a way that the wherem; is the CSI modulation indexy; is the motor line

steady-state PWM CSI modulation index remains equal to tHES voltage,w; is the motor voltage frequency, angis an

referencem; ,.¢). The next section demonstrates theoretical ngle which depends upon the operating conditions and system
that, by properly adjusting the dc-link current, the modulatio arameters. Using (2) and (3), the CSI dc-bus voltage (1) can

index of the CSI can be effectively regulated. e rewritten as

3
IV. THE MODULATION INDEX CONTROL LooOP vy = \/;mivl cos(1)). 4

This loop is designed to be slower than the dc-link current
and the motor voltage loops. This feature allows one to!f the CSI and the output filter are considered lossless, the
consider that the actual dc current and actual motor voltage$! instantaneous power balance indicates that
are equal to their respective references when analyzing the
dynamic of the modulation index loop. Thus, the dc-link rlideser = \/?m‘id Vi cos() = py 5)
stage can be modeled by a pure current source with a value e g raere
equal to the referencéi. r.r) and the CSI dc-bus voltage

approximated by wherep; is the load power. Equation (5) shows that, in order

to control the load power, either the dc-link curréff. ,.;) or
Vi = MiaVla,ret + MibVib,ref + MicVlc,ret (1) the CSI modulation indefr;) can be adjusted. In this paper, a
where m,, mis, and m,. are the time-average modulatingco_mbination of the two quantities is used in a cascade strategy

signals generated by the space-vector modulation technig{fed9- 2)- Transient changes in the load are accommodated by
adjusting the CSI modulation index through the inner motor

andvig ret, Vb vet, ANduz. rer are the motor phase voltage refer< - et
ences. Since the motor voltages references and the modulaﬁﬂ%ﬁage loop. In addition, the slower CSI modulation index
er loop adjusts the dc-link current to maintain the CSI

signals are sinusoidal quantities, they can be represented &%/ P i h
modulation index to a high value under steady-state conditions.

Mia . sin(wit) . It can also be seen from (5) that, by maximizing the modulation
Mip | =M S}n(wlt - 1200) (2) index, the dc-link current is minimized. These features and
Mic sin(wit — 240°) their effect are evaluated experimentally in the next section.
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Fig. 4. Experimental waveforms for the proposed CSl-based ac drive. (a) 30-Hz operation. (b) 60-Hz operation. (c) 90-Hz of&atiorotdr line
voltage (v,5); TR2 CSI line current(z;, ); TR3 CSI dc-bus voltagév;); TR4 dc-link current(i,..).) (d) CSI line current spectrury;, ). (TRL 30-Hz
operation; TR2 60-Hz operation;TR3 90-Hz operation.)

It should be noted that a high modulation index set point The linearization of (5) gives
under steady-state condition®/{ near 1.0) is desired, in order
to minimize the dc-link current and to obtain low harmonic A — — M; Ai I %A ©6)
distortion waveforms on the load side. However, a lower ‘ Lic rof derel TP b
modulation index would provide a wider operating range
before the CSI modulator goes into saturatigf; > 1.0) whered;, P, andi,...r are the values ofn;, p;, andiqc rer
under transient conditions. When the modulation index reactaisthe operating point, anchm;, Ap;, and Aigc ¢ are the
its maximum, the slower acting modulation index controllesmall deviations ofm;, p;, and ... around the operating
will increase the dc-link current to meet the load requiremenisoint. Note thatAp; becomes a perturbation add;, P, and
The converter then operates as a standard fixed dc-bus curfgnt.; are obtained from (5) evaluated at the operating point.
CSl drive. This is an intrinsic limitation of the proposed controlhe small-signal model (6) shows an inverse relation between
strategy. Simulation and experimental studies have shown tha dc-link current and the CSI modulation index. Therefore, a
a modulation index equal to 0.8 provides a good compromibeear controller with a negative gain can provide the necessary
between steady-state and transient operation requiremeatsnpensation to obtain a stable closed loop. In this paper, a
Specifically, this set point provides a 20% transient curreptoportional integral (PI) controller ten times slower than the
increase before the CSI modulator goes into saturation.  output voltage loop is implemented.
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- Fig. 6. Motor voltage harmonic distortiofTHD,,) as a function of the
load frequency (speed) (experimental results for a sampling frequency
fsample = 1.8 kHz, filter capacitorX¢; = 4 pu, and dc-link inductor
e e Xrdac = 2 pu).
TR1: 1.0V= 200 ms/di TR3: 4.0 A=
TR2: 1.0 V= msidiv TR4: 200 V=
T T ,, 1 sampling frequency used is 1.8 kHz. At such a frequency,

output frequency synchronization is not required.

TRY I—

A. Voltage and Current Waveforms

— ] Experimental voltage and current waveforms and key spec-
- FRE , ] tra for the proposed control scheme are given in Fig. 4, where
(a)—(c) shows the motor voltage, CSI ac line current, CSI dc-
bus voltage, and dc-link current for the ac drive operating at
g 1 30, 60, and 90 Hz. The CSI ac line current spectra is also

(b)

sk - t ] included in Fig. 4(d) for the same load operating frequencies.
LHIMGIR HAL UE AT The output (motor) voltageTR1in Fig. 4(a)—(c)], presents
([RGB AT T a low ripple content. This is due to the filtering action of

‘ i | the load filter capacitor, which is designed to limit harmonic
distortion under nominal conditions to typically less than 5%

Fi . . t(3.5% is used in this paper). The CSI ac line curréfiR2
ig. 5. Experimental transient responses to speed reference changes ot the. .
CSl drive based on variable dc-link current operation mode. (a) Ramp decre%eﬁg' 4(a)—(c)] is of the PWM type, produced by the space-
from 60 to 40 Hz. (b) Ramp increase from 40 to 60 HER({ normalized Vvector modulation technique applied to the CSI stage. Like
motor speed comman(,, re); TR2 CSI modulation index(m;); TR3  the CSI ac line current, the CSI dc-bus voltageRB in
de-link current(iq. ); TR4 motor voltage(vas ). Fig. 4(a)—(c)] is of the PWM type, which minimizes the size
of the dc-link inductor.
In the experimental tests, a three-phaseu60€capacitive
V. CONVERTER AND DRIVE PERFORMANCE filter is used. Simulated results indicate that a 3% harmonic
The power topology is implemented on a 2-kVA laboratordistortion is expected. The value of 3.5% for harmonic distor-
prototype. The induction machine is loaded with a dc generatawn is, therefore, used for design purposes.
connected to a bank of resistors. Thus, the overall load featureFhe spectra of the CSI ac line current for 30, 60, and
a quadratic power-speed characteristic. 90 Hz [Fig. 4(d)] shows that the first group of unwanted
The proposed control strategy is implemented on a digitahrmonics correspond to the sampling frequency of the CSI
system based on the TMS320C30 DSP. A user interfagad are, therefore, located between 1.5-2.0 kHz, regardless of
running on a PC was used to communicate on-line with thiee speed. This is due to the fact that the sampling frequency
DSP board. This allows various static and dynamic tests i maintained constant. In order to eliminate potential reso-
be performed. Experimental tests show that, with a minimunances between the output capacitor and the motor leakage
sampling period of 30Qus (maximum sampling frequencyinductance, the sampling frequency is typically chosen well
fsample Of 3.3 kHz), there is enough time to run all the routinesabove this frequency. It should be noted that low-frequency
The space-vector technique used in this work assures that laemonics (fifth and seventh) are also present below 500 Hz
switching frequencyfs,, is one-half of the sampling frequency[Fig. 4(d)]. These harmonics could possibly be amplified and
and generates the first group of unwanted harmonics aroutistort the output voltage. Section V-E analyzes this issue
the sampling frequency [13]. A typical switching frequencand proves theoretically that the inner voltage closed loop
for medium-power drives is 1 kHz. For convenience, theffectively removes these potential resonances.
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Fig. 7. DC-link and output stage losses as a function of the load frequency (speed). (a) DC-link inductor losses. (b) Inverter and output filey losses.
Inverter stage efficiency (including the filter capacitor and dc-link inductor) (experimental results for a sampling frediugnay = 1.8 kHz, filter
capacitor X¢; = 4 pu, and dc link inductorX; 4. = 2 pu).

B. Operation of the CSI Modulation Index Control Loop modulation index. Therefore, an almost constant harmonic
In order to keep a fixed modulation index for the incontent of the CSI ac line current pattern is predicted and,
verter stage in steady state, the CSI modulation index cont/Bfreby, & constant motor voltage harmonic distortion is ex-
loop keeps the dc-link current level to its minimum valu@ected. Fig. 6 shows for the fixed and variable dc-link current

(which depends upon the speed and torque load). Fig. 5 sh@@§rating modes, the experimental motor voltage total har-
transient responses to ramp changes in the speed comm&ic distortion defined as

From Fig. 5, the following can be seen: 1) the steady-state

modulation index of the CSIMR2in Fig. 5(a) and (b)] remains THD. % — /> oo Vid 100 @
constant (0.8 in this paper) and 2) the dc-link curréiR3in v Vi

Fig. 5(a) and (b)] is adjusted to a minimum value. It should be
noted thatV; is a linear function of the speed (a constdiftf where V};, is the kth rms motor voltage harmonic anid;
scheme is used) and is a quadratic function of the speed (dugs the rms fundamental component of the motor voltage. An
to the load power/speed characteristic). Therefore, the dc-liakernative representation for the total harmonic distortion is
currentiq. in (5) varies linearly as a function of the speedgiven by
Low speeds, therefore, require low dc-link currents (Fig. 5).

Hence, constant modulation index and minimum dc-link 7 _ 2
current operation are the result of the proposed control strat- THD,% = Y% . 100 (8)
egy, and they have a direct effect on the harmonic content of i

the motor voltage (due to the constant CSI modulation i”de\)&)nerew is the motor rms voltage. In practice, (8) is pre-
and efficiency of the CSI stage (due to the minimum dc-linfgrreq. sincel; and V4, can be easily obtained from a digital

current operation mode). oscilloscope with fast Fourier transform (FFT) capabilities.
o ) As expected, Fig. 6 shows that the variable dc-link current
C. Harmonic Distortion of the Motor Voltage operating mode (or fixed CSI modulation index) allows con-

The converter operates at fixed switching frequency, and tsi&ant motor voltage harmonic distortion. This feature simplifies
control strategy allows the operation of the CSI at constatfite load filter design, since the CSI ac line current spectrum
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Fig. 8. Transfer functions. (a) Induction machine per-phase equivalent circuit. (b) Motor v@ltajeto modulating waveforng[r,]), open-loop case. (c)
Motor voltage([v;]) to motor voltage referencgv; .f]), closed-loop case. 3-hp 208-V three-phase 60-Hz motor Rith= 0.6 2, R, = 0.6 Q, L, = 2.12
mH, L,, = 2.12 mH, Ly; = 53 mH; converter parameter§’; = 100 uF, Iy = 10 A, kyy = 0.5, Ty = 1 ms.

0.1

remains unaltered, regardless of the load speed and torcgwitch turn-on voltage drop. Therefore, both losses are con-
Moreover, the filter can be designed to limit the maximuratant and independent of the speed and torque in the fixed
harmonic distortion to a given value (3.5% in this paper). dc-link current operating mode. However, the power delivered
to the load decreases as the speed decreases; therefore, at low
- speeds, both losses become a large percentage of the load
D. Converter Losses and Efficiency power [Fig. 7(a) and (b)].

For a given load speed and torque, the proposed controOn the other hand, in the variable dc-link current operating
strategy minimizes the dc-link current, in order to keep the C81ode, both losses decrease as the speed is reduced. Therefore,
modulation index constant (0.8 in this paper). The minimizdoth losses remain at a relatively constant percentage of the
tion of the dc-link current provides an additional improvemenoad power [Fig. 7(a) and (b)]. The overall efficiency plot
in terms of efficiency over fixed dc-link current operatingFig. 7(c)] of the dc-link inductor and CSl/output filter stages
mode. In this paper, the losses of the dc-link inductor amnfirms the reduced efficiency of the fixed dc current oper-
CSl/output filter are measured for both fixed and variable dating mode as compared to the variable dc current operating
link current operating modes. Unlike in the variable dc-linknode at low speeds.
operating mode, Fig. 7(a) and (b) shows that, for speeds lower
than the nominal one (60 Hz), the losses substantially increase
as the speed decreases in the fixed dc-link current operatﬁ'lg
mode. This effect can be explained as follows. The presence of the output capacitive filter in combination

The dc-link losses are primarily the resistive losses efith the induction machine creates resonance frequencies.
the dc-link inductor, which are proportional to the internalhe per-phase equivalent circuit of the induction machine
resistance of the inductor. The CSI losses are basically fliég. 8(a)] can be represented by the transfer function of (9),
conduction losses, which are given by the characteristic povagdtown at the bottom of the page.

Effect of Motor Circuit Resonances on Drive Operation

UI(S) _ RSR’I’ + S[RTL]W + Rs (L1 + Ll\l) + R’I’LS] + 52 [LTL]W + Ls (L1 + Ll\l)]
'Ll(S) R'r + S(L’I + L/\/I)

9)
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vi(s)

RSR’I’ + SL]W (R7 + Rs) + SQL]W (L7 + Ls)
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(10)

mi(s)

=1
YR+ s(La + CiRyRy) + $2C; Ly (Ry + Ry) + $3C; Ly (Ls + Ly)

The capacitive filter behaves as an integrgtbtC;s) and
the CSI in combination with the gating generator acts askFll]
current amplifier with an equivalent gain equal to the dc-lin
current. Therefore, if the dc-link current is considered constant
(ige = Iac), Lps > Ly, and Ly, > L, the motor voltage to [
modulating waveform transfer function becomes (10), shown
at the top of the page. [3]

The magnitude plot of the transfer function of the inverter
(motor) output voltagé[v;]) to the inverter modulating wave- [4]
form ([m;]) for the open-loop case is given in Fig. 8(b). The
plot shows clearly a resonance frequerigy.) which is asso-
ciated with the motor leakage reactances. The module of the
plot [Fig. 8(b)] shows that, around the resonant frequency, th[%]
CSIl ac current harmonics are highly amplified, which, in turn,
generate high motor voltage harmonics. The approximated
value of the resonant frequency is given by o]

1
Ci(Ls + L)

and falls within the range of frequencies (100-200 Hz) thafg
can be generated by the PWM operation of the inverter.
Fortunately, they fall within the bandwidth of the motor,
voltage loop. The inner control loop used in this paper is a
motor voltage controller [12]. It uses a standard PI controller
that can be represented by =

mzk(s) _ [12]

1+ sTy

12
Sﬂ;l ( )

vl
[13]
Fig. 8(c) plots the resulting closed-loop transfer function

of the inverter (motor) output voltag€[;]) to the motor
voltage referencé[v, .c]). Fig. 8(c) shows that the resonance
is effectively attenuated through the action of the voltage
control loop. Thus, low-frequency harmonics generated by t
PWM operation of the CSI are effectively attenuated. Larg
capacitive reactive power does not, therefore, flow.

VI.

A CSl-based ac induction motor drive topology with ¢
supplemental CSI modulation index control loop has bec..

CONCLUSION
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