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Stationary Frame Current Regulation of PWM
Inverters With Zero Steady-State Error
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Abstract—Current regulators for ac inverters are commonly Position C(n)ntrol!cr gﬂomr
utput utput

categorized as hysteresis, linear PI, or deadbeat predictive regu- HW 7
. e . [] L Posit
lators, with a further sub-classification into stationary ABC frame PI- D:A : "
. . troll mplifier aturation
and synchronousd—q frame implementations. Synchronous frame oo i D moter

regulators are generally accepted to have a better performance
than stationary frame regulators, as they operate on dc quanti- pc,L—s.nonsénsar

ties and hence can eliminate steady-state errors. This paper estab-
lishes a theoretical connection between these two classes of regrig. 1. DC motor servo control system.
ulators and proposes a new type of stationary frame regulator,
the P+Resonant regulator, which achieves the same transient and
steady-state performance as a synchronous frame Pl regulator. The introduce errors if the synchronous frame identification is not
new regulator is applicable to both single-phase and three phase in- 5ccurate.
verters. In this paper, concepts taken from carrier-servo control
Il?de)l( Tel’msl—ac Clul’l’et:]t Contl’Ol, Cturl’entl Ctontrolt, I’t(:_,‘sonanft reg- Systems [4], [5] are used to develop a new%sonant
ulator, linear PI, single phase current regulation, stationary frame - ;
regula{tors, synéhrorg]ouz frame regulato?s,three,phase cur);ent reg- Sta_tlonary _frame r_egulator for single and three phase systgms
ulation. which achieves virtually the same steady-state and transient
performance as a synchronous frame PI regulator. The paper
explores the relationship between stationary and synchronous
. INTRODUCTION frame regulators from a control system and signal processing
URRENT regulation is an important issue for powePerspective, and shows how the regulator transfer function can
electronic converters, and has particular application f&€ transformed instead of the ac current error, to achieve a sta-

high performance motor drives and boost type pulsewidti¢nary frame linear Pl current regulator with zero steady-state
modulated (PWM) rectifiers. Over the last few decade®Tor and a good transient performance. The steady-state per-
considerable research has been done in this area for voltigj&ance of this new regulator is similar to that achieved in [6]
source inverters, and from this work three major classes [t it is more stable and has a superior transient performance
regulator have evolved, i.e., hysteresis regulators, linear [B]. A further significant advantage of this regulator is its
regulators, and predictive regulators [1]. These classes cand@@lication to single-phase current regulated systems, where
further divided for three phase regulators into stationary agdnchronous frame transformations are more difficult to apply.
synchronougl—; reference frame implementations by applying

ac machine rotating field theory [2], [3]. [I. SERVO CONTROL SYSTEMSV’' SHYBRID CONTROL SYSTEMS

In general, three phassationary frameregulators are re- .
. . : . Servo control systems are sometimes called dc control sys-
garded as being unsatisfactory for ac current regulation since . g .
i o ems because the controlled quantity (or its integral) is dc under
a conventional Pl regulator in this reference frame suffers from o
T . Steady-state conditions. The steady-state error for such systems
significant steady-state amplitude and phase errors. In contras

: S determined by their open loop gaindat while their transient
synchronous framé—g regulators can achieve zero steady-state . .
) h . . résponses are determined predominantly by the frequency re-
error by acting on dc signals in the rotating reference frame .
. . . sponses at the system crossover frequency. Fig. 1 shows a block
and are therefore usually considered to be superior to stationar: ; -
lagram for a typicatic motor position servo control system,
frame regulators. However, a synchronous frame regulator |

. . . wWhere the forward path is composed of theegulator compen-
more complex, as it requires a means of transforming a mea-

sured stationary frame ac current (or error) to rotating frame 8‘2’;‘“0” network—HDc_(_s), a saturatlnglc amplifier with gain K
nd adc motor. Position feedback is commonly provided by a

guantities, and transforming the resultant control action back {o .
¢_potentiometer.

the stationary frame for execution. These transformations carg
or an ac control system, such as a three phase current reg-
ulated VSI, the actuating and transducer signals are sinusoidal
Manuscript received June 6, 2001; rev!sed Noyer_nber 1, 2002. This waskiantities. With a Stationary frame (usua”y p|) regu|at0r' the
was presented at the IEEE Power Electronics Specialist Conference (PESC'Q ti Il h e di b
Charleston, SC, June 27-July 1, 1999. Recommended by Associate Editor[le. ture control loop then operates on E}C quantities, r?m 1S Su' -
Peng. . _ ject to steady-state error. The conventional explanation for this
The authors are with the Department of Electrical and Computer SVStegfeady-state error is that the Stationary frame regulator can only
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daniel@zmood.net; grahame.holmes@eng.monash.edu.au). provide Tinite gain at nonzero frequencies [ ]’ [ ]' n contrast,
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0885-8993/03$17.00 © 2003 IEEE



ZMOOD AND HOLMES: STATIONARY FRAME CURRENT REGULATION OF PWM INVERTERS 815

An alternative approach, derived from servo control theory

AC inverter output and the insight gained from Figs. 3 and 4, is to frequency trans-
form thedc type regulator network into an equivalent ac reg-
] B ) . . ;
3¢ 3¢ ulator, instead of demodulating the reference sideband signal
VSI [—® Load .. . .
spectra. If this is possible then the control response achieved by
> M . .
a synchronous framé—q Pl regulator would be achievable in the

stationary frame without requiring the demodulation and modu-
lation process. Essentially, the transformed regulator would di-
rectly operate on the ac error using sidebands about the refer-
Fig. 2. Hybrid synchronous frame current control system. ence fundamental. Two approaches for control of:arsinu-
soidally excited current regulator can be considered based on

signals, and can be categorized as a hybrid control systemmﬁse concepts.

particular, as the synchronous frame control loop regulator o

erates onlc quantities, it can provide infinite gain and hencéR' Conventional Hybrid Compensation System

achieve zero steady-state error. This type of regulator has been well documented in the lit-
The major difference between these two systems is the incRfature for three phase systems as a synchronous frame current
sion of a demodulator, which shifts the sidebands of the ac reféggulator, although it is usually not viewed from the perspec-
ence sinusoid in the stationary frame to thefrequency region tive of frequency shifting the input reference spectrum tra
in the synchronous frame. This then allows the regulator Pl coR@se-band. The advantage of this approach is that it allows the
pensation network to be implemented agcanetwork, with its  use of well knownic compensation methods to develop the syn-
output being subsequently remodulated to re-introduce the réfironous frame transfer function, and these are easier to design
erence frequency into the final controller output signal. Fig. 21d construct than ac compensators. The disadvantages are the
shows the block structure of a three phakse synchronous additional complexity and computation required to add a de-
frame PI current regulator to illustrate these features. modulator and modulator to the control system, and the need to
Fig. 3 shows the open loop time and spectral response at vagvelop an accurate synchronous frame reference signal. Two
ious points along the block diagram ofla servo system, and approaches are possible.
illustrates the low-pass filtering effects of the regulator PI net- 1) Product Demodulation:This method is directly related to
work and thelc steady-state nature of the system. the traditional Parks Transformation for three phase systems and
Fig. 4 shows the open loop time and spectral responig@fundamentals are well known in spectrum analysis theory.
of a hybrid control system at a number of points along thEhe signal is multiplied by reference sine and cosine waveforms
block diagram. From this figure, it can be seen how tnehich shift any harmonic content at that frequencgi¢@nd the
envelope of the amplitude modulated ac reference input exigdguble-frequency. This is illustrated mathematically as
in the frequency domain as sidebands about the fundamental

elwot + e~ Jwot

reference frequency. The demodulation and re-modulation  z.(t) =z(t) - cos(w,t) = z(t) - (1)
effect of the synchronous frame transformation in converting 2

. . } . Jwol _ ,—Jwot
these sidebands into a base-band frequency envelope in the 2a(t) = 2(t) - sin(wot) = 2(t) - e e @)

synchronous frame can be clearly seen in Fig. 4, together with
the low-pass filtering effect of the synchronous frame regulat%
dc compensation network.

2

king the Fourier transformation, these become

Xe(w) =3 [X(w+wo) + X(w — w,)]
1
[ll. REGULATOR COMPENSATION STRATEGIES X, (w) = 2 [~ X (w + wo) + X (w — w,)] .-

The key limitation of most stationary frame linear current
regulation systems is their inability to eliminate steady-stabdow if z.(t) = cos (w,t), the real and imaginary components
error. The three phase synchronaelsg PI regulator solves this have information present dt and at the double-frequency. If
problem by shifting the base-band information backdevhere these signals are low-pass filtered the output signals become
conventionalc regulator networks can be used. For such con-

ventional linear controllers, it is the integral term that provides Yo(w) =3 X.(0)
infinite gain atdc and therefore achieves zero steady-state error. 1
The proportional term is frequency independent and so whether Yi(w) = %5 X, (0) 3)

itis implemented inside or outside the frequency transformation

is decided by convenience. For smaller integral gains the tramhich are the real and imaginary components @f in phasor
sient response of the regulation system will be almost totally spectral form.

determined by the proportional term while the steady-state re-Fig. 5 illustrates how the basic demodulation concept defined
sponse is determined by the integral term, and so the two cartlye(1)—(3) can be implemented to achieve PI regulation for a
analyzed separately. Their combined effect need only be tal@ngle-phase sinusoidally excited system. The low-pass filter
into account when considering the system stability. used to extract the real and imaginary terms is replaced with an
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Fig. 3. Time Response and spectral range of signals within dc motor servo control system.
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Fig. 6. Vestigial sideband demodulation integral block.
Fig. 5. Demodulating single-phase integral block. 9 9 9

integrator, which plays the dual role of providing integral actiofp ransform a desiredic compensation network into an
and filtering the double-frequency components for the demodgduivalentac compensation n(j:-tvyork, so that it _has the same
lated signal. (Using a low-pass filter as well, would seriously d&-€9UeNcy response characteristic in the bandwidth of concern.
grade the stability of the overall control system as the low-pa58€ reauired exact transformation (developed in the Appendix)

filter and integrator would add 18®f phase lag between them.)'S
Fig. 5 can be considered a hybrid regulator replacement block
for the integral term of a PI regulator, since as previously men-
tioned, the proportional term can be implemented outside the _ ) _
demodulating block without changing its influence. If Hpc(s) is a low-pass transfer block, this transformation re-
2) Single or Vestigial Sideband Demodulatiofhis tech- sults in a low-pass to band-pass or frequency shifting transfor-
nique phase shifts the error signal by°a0 allow the use of Mation to the frequency,. _ o
a conventional stationary to rotating frame transformation andA alternative to (4), when the reference signal bandwidth is
is illustrated in Fig. 6 [10]. However, the introduction of thesmall in comparison to the reference frequency itself, is to use
All-Pass network to produce the required phase shift introdudé§ 10w-pass to band-pass technique developed in network syn-
additional dynamics compared to the previous strategy, whil}esis, i.e.,
leads to a deterioration in stability and transient performance.
Hence it will not be discussed further in this paper.

_ Hpc (s + jw,) + Hpe (s — jwo)
5 )

4)

HAC (S)

()

s2+w§
HAC(S):HDC< >

2s

B. AC Compensation System In some applications (5) provides a more convenient implemen-

An stationary frame ac regulator that does achieve zetion.
steady-state error and can be directly applied to ac signalsA stationary frame controller implemented using the transfer
is not well known in power electronic systems, but has beéunction H s (s) will have anequivalentfrequency response to
developed in carrier-servo control theory. The principle i@ synchronous frame controller implemented using the transfer
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Fig. 7. Model of a current regulated PWM inverter.
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function Hpc(s), since these functions have been shown to t Frequency (rad/sec)

mathematically identical in the Appendix. Therefore the trar 100
sient response of the two controller implementations will b
identical regardless of whether they are implemented in the s
tionary frame as an ac compensator or in the synchronous fra

as adc compensator.

IV. REALIZATION OF THE NEW AC COMPENSATION SYSTEM

A major objective for ac current regulators is to achiev

N |
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-50

Phase (deg

-100
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Frequency (rad/sec)

zero phase and magnitude error. Using ac compensation, tins

objective can be achieved by transformingl@compensator Fig. 8. Bode plot of ac compensator from (7).
that achieves this goal into an equivalent ac compensator. Fig. 7

shows a typicaldc compensated current regulation system

where for convenience the asymmetrically modulated PWI
converter stage has been modeled as a simple saturating (s

stage.

For the dc system, a conventional Pl transfer functior g .
achieves the desired objective of zero steady-state error. Hel 5 / \
using the transformation of (5), an equivalent ac compensai = N

would have an open loop transfer function of
K;

S

QKL'S

s2 4+ w?

Hpc (s) =K, + (6)

Huc(s) =K, + (7)

which has a frequency and phase response shown in Fig. 8. N g
that the proportional gain terifi,, has been kept separate from £ 50 U

the transformation process as discussed earlier.

The closed loop transfer function for the linear model of Fig.

with this compensator is given by

_ Hac (S) Vbc (STLEM + 1)
R+ sL + Hxc (S) Vbc (S’TLE]\,[ + 1) ’

T (s) (8)
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Fig. 9. Bode plot of ac compensator from (10).

From (8), the closed loop transfer function of the system wWilherew.. is the lower breakpoint frequency of tde transfer
clearly approach unity at the fundamental reference (target) ftgnction. This network has a frequency and phase response as
quency with no phase or magnitude error in the output wavgnown in Fig. 9. The steady-state output phase and magnitude
form since the magnitude dfsc(s) becomes infinite at this error achieved by this compensator will still be approximately
frequency. However, the realization of an idéalintegrator or zerg, providedH s (s) continues to achieve a relatively high
its corresponding ac equivalent loss-less resonant transfer fugg-m at the reference frequency.
tion is sometimes not possible due to component tolerances iconstructing the current regulator in the stationary reference
analog systems and finite precision in digital systems. But @yme has the advantage of requiring much less signal pro-
ideal integrator is often approximated by a low-pass transfggéssing than the synchronous frame demodulation approaches,

function such as

Ki - We
HDc(S) :Kp—f— s+wc. (9)
This transforms using (5) into
2K;w.
Hac (s) = K + ———tc% (10)

P s 4 2uwes + w?

and itis also less sensitive to noise. Furthermore, the application
of this implementation to single-phase systems is straightfor-
ward and undifferentiated from its application to three phase
systems. But it does require for variable frequency applications
that the resonant frequency of the ac compensator is adjusted
to match the required output fundamental frequency. However,
this is not as challenging as it may first appear, since a number
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Fig. 10. Frequency responses of loss-less resonant terms for (7) and (11)'Fig. 11. Open loop Bode plots of proportional and resonant regulators.

of standard techniques already exist in signal processing theory

to operate across variable frequencies. Using conventional Bode plots, itis straightforward to show that
For digital implementations, it is simply required to re-calthe regulator integral gain can be made sufficiently large to es-

culate the digital filter co-efficient to suit the target frequencyzentially remove all steady-state error (similar to the effect of

This co-efficient could be calculated either as part of the coff€ finite integral gain that most practicdt compensators can

trol loop calculation, or as a background task without requirir@chieve), without any significant stability limitations.

significant CPU resources (this was the approach used in the ex-

perimental digital implementation), depending on the speed gbte:

response required. In either case, the level of computation re-

quired is (at worst) similar to that required for a stationary tPltThe _(;;]Jrlr)ent Een_s?r vtvisocr)nﬁgele_tld_hby a single p?'i IOV\I'.'t%aSS
synchronous frame transformation process. iter wi reaxpoint & Z. This component has fitle

Band pass operation at a variable frequency is a straigﬁHeCt on the magnitude response of the system but the addi-

forward requirement for analog signal processing systems, at cf]al phase shn.‘t- itintroduces can have a significant effect on
system stability.

hence is not considered further in this paper. One approach Tt hould b tod that th tt i litt
example would be to use a switched capacitor filter, where the, should be noted that the resonant terms provide very fittie

center frequency is simply adjusted by varying the switchi in outside their band-pass region due to their narrowband fre-
frequency of the filter ency response. Hence, to achieve a reasonable transient re-

Itis noted also that the new controller presented in this papt onsea _;t)r(()jportlc()jna:]gam kt)erdm |(sj_a|so reqlfnred. Flg. Ill shows
has a transfer function similar to that presented by &atal. € magnitude and phase bode diagrams 1or a Simple propor-

[6], which has a resonant transfer function given by tional regulator and the tvx_/o regulators described by (_7) and (10).
For K, = 0.1 the magnitude crossover frequency (i.e., where

K;w, (11) the regulator gain becomes less than 1) of the simple propor-
s2 + w2’ tional regulator occurs at 3 kHz, as indicated in Fig. 11. The

Sato’s transfer function also has infinite gain at the resonant f%r]ase plot shows a phase margin of more thar® his
unctl Infinite gai uency so the system is clearly stable. The introduction of

quency e:nd helnf[:e a;hlte_\tlgs zetrcE)stee:jdy-state errotr ;Nher}usetﬁeeg Tesonant regulator terms radically alters the Bode plots at
a currentreguiator. BUt It Is hot based on an exact ranstormge, oqqnant frequency but has little effect at the crossover fre-
tion from the equivalent synchronous frame controller, and E:ﬂjency for the regulator parameters chosen. Hence, both reso-

particular introduces a phase shift of $80to the system, com- ant regulators remain stable below the crossover frequency be-

_palr:(_ed tfothle 9‘|Osh|(1;tlof the Fll-Rt(_esortwﬁx_nt Egsrzem, arsl. f',ltlusm}:e{ause the phase shiftis always less thar? 1Bi@. 11 also shows
InFig. 10. In closed loop operation this T8phase shift results at most of the high frequency or transient response of the reg-

N a poorer phase margin and a poor transient performance g%e(tor is determined by the proportional gain since the resonant
this regulator compared to the approach presented here [7].

regulator magnitude responses return to that of a simple propor-
tional system at higher frequencies. So, the larger the propor-
tional gain the faster will be the transient response.

A major benefit of being able to express the frequency re- This suggests a simple two-step design procedure for the
sponse of the new regulator in the transfer function form of (€pmplete regulator. Firstly, chose a proportional gain such that
or (10), is that linear control theory can be used to investigate tte regulator is stable and gives a good transient response. Then
stability of current regulation systems based on this approadesign a resonant component that gives the desired steady-state

Hac (S) :Kp-l-

V. STABILITY CONSIDERATIONS
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response. For example, if the reference frequency were 48 Hz
rather than 50 Hz the loss-less resonant term attenuates the
signal by more than 20 dB, as can be seen in Fig. 12. Increasing
w. (to supposedly increase the filter bandwidth) actually makes
things worse as this flattens the frequency response, further
reducing the gain of the resonant term.

One major conclusion from this consideration is that there is
no benefit to be gained in using the damped resonant implemen-
tations. If an ideal resonant term is realizable it is preferable, and
if a damped term must be used it should be implemented with
as small a value aob. as possible.

B. PWM Constraint

A fundamental constraint of PWM systems is that the max-
imum rate of change of the reference should not equal or exceed

100 Frequency (rad/sec) . ? L .
that of the carrier signal or for digital systems the maximum fre-

quency of the reference should be less than half the sample fre-
quency. For an analog system this requirement must be met for
phase and amplitude error without making the phase mar@ﬁixed PWM switching frequency. For the simple proportional
too small. eedback system and an analog sine-triangle PWM system, the
critical gain is

Fig. 12. Bode response of the resonant term for variation.iand X’ = 1.

A. Effect of the 3-dB Cut-Off Frequency

The low-pass 3-dB cut-off frequency. appears to allow a
degree of freedom in the design of the resonant frequency re-
sponses. Itis often used as a measure of the bandwidth of a fildiere L is the system inductancé... . is the carrier fre-
and therefore increasing its size would appear to broaden the@fency of the PWM system arid is thedc bus voltage.
fect of the high gain created by the resonant term. This in turn!f the load is purely resistive a low-pass filter can be placed
would appear to increase the regulator robustness by redua’&ﬁ@r the current sensor or as part of the compensator to restrict
the sensitivity of the system to variations in the fundamental fri€ rate of change of the error signal. A similar constraint exists
quency. for a regular sampled PWM system.

Unfortunately, in reality this advantage does not exist, as can
be shown by setting the gall; to K/w.. so that the gain vari-

ation in (10) is removed and the effect of changesircan be  The current regulators discussed in this paper have been in-

more easily observed. For the damped resonant term genergiedigated and compared in simulation, using a MATLAB-based
by the LP-BP transformation, the gain at the resonant frequen¥crete and continuous time step representation of the phys-

_ 4Lfcarrier

Vdc (13)

K, (max)

VI. SIMULATION RESULTS

is given by ical switched inverter system. This simulation gives a very real-
_ 2K jw, 1 istic output without the usual simplifying assumptions that are
Huc (jwo) = =— (12) present in many linear simulations, and in particular allows de-

—w?2 + 2jwowe + w2 we o - .
o T4 © lays within a real digital regulator system to be incorporated

which is clearly inversely dependent on the valueafHence it without difficulty.
can be seen that varying. simply changes the peak amplitude Fig. 13 shows the simulated steady-state and transient re-
of the resonant term at the resonant frequency, without affectisggonse that can be achieved with the nemResonant regulator
the shoulder frequency gain. The Bode response of (12) fofax both a low and a high backemf load, and Table | defines
range of values af. is illustrated in Fig. 12. the regulator parameters for these results (and also the previous
At frequencies greater than or less than the resonant fetability simulations). In both cases it can be seen that there is
quency all the plots converge to the 20 dB per decade asymptatic steady-state error during continuous modulation, and only
response regardless of the valueuwgf The major difference a slight error just after the transient event occurs. This error is
between the different plots is the increasing peak amplitudecatused by the settling time of the resonant part of the regulator
the resonant frequency for smaller valuesspf This illustrates transfer function.
that the infinite gain benefit of the ideal resonant term only Fig. 14 shows the simulated steady-state and transient re-
occurs at the resonant frequency and any perturbation will lesgbnse of the stationary frame, synchronous frame and reso-
to a reduction of the generated gain. Hence, thdRBsonant nant regulators driving a four-pole permanent magnet motor.
regulator is potentially sensitive to the alignment between thide elimination of steady-state error for the resonant regulator
regulator’s resonant frequency and the fundamental frequernan be clearly seen, and its transient response is almost identical
of the inverter system. The only way of reducing this sensitivity that of a synchronous frame regulator.
is to increase the regulator galf, which uniformly increases  One limitation with B-Resonant scheme that has been identi-
the gain response but does not effect the shape of the frequefiey from simulation is that an exponentially decaying transient
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can occur during step changes due to the existence of a tran-
sient negative sequence component. This effect can be observed
in the start up process of Fig. 14, where the simulation has sat-
urated just after startup because of initialization errors in the
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TABLE |
SIMULATION AND EXPERIMENTAL SINGLE PHASE PARAMETERS
LOAD Inductance 5 mH
Resistance 2 Ohms
Supply Volts 200 Vdc
Regulator Gains |- Proportional 0.1
Resonant 10
Switching Freq 1 kHz
20 : :
15 Stationary
Resonant PI
10 Controller  f---mamemme}
2 i T
I’ 1 1
-10 No Steady State
Error Present
-15

0.01

Fig. 14.

20

| TB:

I:

V:

Sms/Div
SA/Div
250V/Div

Amps

-20

0

system variables. The result is a small transient phase and mag-
nitude error for the next cycle or so and can be minimized Ipyg. 15. Experimental response of ac compensator, zero backemf.
anti-integral-wind-up logic. The exact cause of this error, and

its relationship to transient errors in a synchronous frame cur-

rent regulator, will be addressed in a future paper.

VII. EXPERIMENTAL RESULTS

Time (ms) 50

The digital regulator was implemented in tife: frame using

a TMS320F240 DSP based VSl regulator firstly driving an R-L
load, and then an induction motor load, with parameters as listed
in Table I1. Fig. 16 shows the experimental response for the con-
The new P-Resonant regulator has been experimentally verentional stationary frame PI regulator with an R-L load and
ified by in an analog single-phase form and digital three phaskearly illustrates the steady-state error associated with this reg-
form. The analog regulator was prototyped on a breadboard witlator. Fig. 17 shows the transient and steady-state response
the resonant term realized using a UAF41 a universal filter for the new R-Resonant regulator driving an induction motor
and driving a simple R-L load with the parameters describ€dackemf load) with the elimination of steady-state error clearly
in Table I. Fig. 15 shows the results are very similar to th#lustrated. It also indicates that the newResonant regulator
equivalent simulated results with the regulator achieving zetan be tuned to exhibit minimal overshoot and an excellent rise
steady-state error and a rapid transient response.

time, very similar to that predicted by simulation.
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TABLE I steady-state error, and is equally applicable to single-phase or
THREE PHASE EXPERIMENTAL AND SIMULATION SYSTEM PARAMETERS  three phase systems. The new regulator has been fully evaluated
both in simulation and experimentally using both analog and

PER PHASE L 7 mH . .
digital techniques.
LOAD R 050 g q
Supply Volt 580 Vdc
PEY 0 APPENDIX
Fund. Freq. S0Hz
o DEVELOPMENT OFAC TRANSFORMATION
Switching Freq 5kHz

The single-phase synchronous frame regulator of Fig. 5 can
be described in the time-domain by

! | | |
| | | | |
-»—:—J _j__:__i_-:__ vac(t) = {[eac(t) - cos (wot)] * hpc(t)} - cos
| : ol (wot) + {[eac(t) - sin (wot)] * hpc(t)} sin (wot)  (Al)
- — # ff —_ E— + JE—
| Output | wherex denotes a convolution product. From this description,
| Current C ) i .
- F— 4] - the aim is to determine a transfer functiéf,«(s) which pro-
b vides the same frequency responses as (Al), but without the
® | q y resp
§° ; | : modulation and de-modulation processes. The system in this
4 ,L TL 4 form can be represented by
- L |
| roioenes | A Vac (8) = Hac (s) Exc (5). (#2)
+? : } : ; The time domain description of (A2) is
R e et N
S : : vac(t) = eac(t) * hac(t) (A3)

0 Time (ms) 20 wherew, is the fundamental frequency. To simplify the fol-

Fig. 16. Experimental steady-state response for conventional stationaryl@lving mathematics two functions are defined:
current with an R-L load.
th(t) * (eAc(t) + COS (wot)) = fl (f)
hDC (t) * (eAC (t) - sin (wot)) = fg (f) (A4)
The Laplace transforms of these functions are
Fy (s) =€ {hpc(t) * (eac(t) - cos (wot)) }

Switched
Voltage
T

:HDC( ) - £{eac(t) - cos (wot)}
Current
I |Reference| =3 HDC (8){Eac (s +jwo) + E (s — jwo)}  (A5)
g0
= Fy (s) = {hpc(t) * (eac(?) - sin (wot)) }
T outpat ‘ foDc (s) - £{eac(t) - sin (wot) }
B I A 5 Hpc () {Eac (s + jwo) — E (s — jwo)} . (AG)
| | | | |
0 Time (me) 20 The mathematlcal description of the regulator (Al) is now
Fig. 17. Experimental steady-state and transient responses for rdfPken into two components} and B and the Laplace trans-
P+Resonant current regulator driving an Induction Motor. form of each component is derived using the functignsnd

f2> and the modulation theorem of the Laplace transform, i.e.,

A =t{[(eac(t) - cost (w,t)) * hpc(t)] cos (wot)}
Synchronous frame current regulators are usually accepted _ f{f1( ) - cos (wot)}

as being superior to stationary frame regulators because the ) )
synchronous transformation of the ac current error allows ~ 2 3 {F1 (s 4 jwo) + Fi (5 = jwo )}
conventionaklc compensation strategies to be used to achieve _ 1 { Hpc (s + jwo) {Eac (s + 2jw,) + Eac ()} }
zero steady-state error. In this paper, this advantage is shown * | +Hpc (s — jw,) {Eac (s) + Eac (s — 2jw,)}
to derive from the carrier demodulation process inherent in (A7)
the synchronous transformation. Based on this understanding, . .
singlg—phase regulators with zero steady-state error are deve%-:“[(eAC(t) -sint (wot)) * hpc(t)] sin (wot)}
oped both in thedc (synchronous frame equivalent) region Zf.{fl(t) -sin (wot) }
and.m the stationary frame. It is theq shown hqw a e'quwa}lent _J (F) (5 + jwo) — Fi (5 — jwo)}
stationary frame current regulator with theoretically identical
performance can be implemented by transforming the regulator _ 1 { —Hpc (s + jw,) {Eac (s + 2jw,) — Eac ()} }
compensation network rather than the current error signal. The * | +Hbpc (s — jw,) {Eac (s) — Eac (s — 2jw,)} [
result is a stationary frame current regulator that achieves zero (A8)

VIIl. SUMMARY
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Both A and B contain thaelc and double-frequency error com- [9] D. M. Brod and D. W. Novotny, “Current control of VSI-PWM in-

ponent termsEAc(s) and EAC(S + 2jwo) considered in the nggrs,”lEEETrans. Ind. Applicatvol. IA-21, pp. 562-570, May/June

Type | regmator discussion, as well as frequency shifted Ver[lO] Y. Xiéoming, J. Alimeling, W. Merk, and H. Stemmler, “Stationary

sions of thalc regulator functionHpc (s + 2jw, ). frame generalized integrators for current control of active power
Finally the transformed version of th&: transfer function filters with zero steady-state error for current harmonics of concern

under unbalanced and distorted operation conditionsProc. Conf.

Hpc(s) is produced by summing and B IEEE/IAS Annu. Meeting000, pp. 2143-2150.

Vac(s)=A+ B

= % {2 [HDC (S + jwo) + HDC (S +jwo)]} . EAC (8)

= % [Hpc (s + jw,) + Hpc (s — jw,)] - Eac (s) Daniel Nahum Zmood (S'97) received the B.S. degree (with honors) in elec-
trical engineering from Monash University, Melbourne, Australia, in 1996 and

(A9) the Ph.D. degree in power electronics from the Department of Electrical and

Computer System Engineering, Monash University, Clayton, Australia, in 2003.

hence In 1996, he worked for 12 months as a Researcher in the Power Electronics
1 ) ) Group, Monash University, on switch mode power supply design and power
Hac (s) = 3 [Hpe (s + jw) + Hpe (s — jw)]. (A10) cable field measurement and prediction. His major fields of interest include the

) ) modulation and control of PWM current source inverters, current regulation of
Equation (A10) allows the generation of the frequency responseusoidal converters, switch mode power supply design and control and signal

of the regulator (A1) for any giverc regulator transfer func- processing. He has also engaged in consulting and contract work in the area of
. . . . r_f)ower electronics. He has published 12 papers at international conferences and
tion Hpc(s). The analysis also illustrates the cancellation of thg professional journals.

double-frequency components in (A9) generated by the demoadMr. Zmood is currently a member of the IEEE Industry Applications, IEEE
ulation process as long &ngC(s) is the same for both signal Power Electronics, and IEEE Industrial Electronics Societies.
paths and there are no distortions in the multiplications.
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