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Abstract—This paper analyzes the stability limitations of the to the achievable control's performance. More generally, the
digital dead-beat current control applied to voltage-source three- presence of model mismatches or, in case of a correctly
phase converters used as pulsewidth modulation rectifiers and/or identified model’s structure, of parameter uncertainties and/or

active filters. In these applications, the conventional control al- iati tabilit bl to th i trol
gorithm, as used in drive applications, is not sufficiently robust, variations cah cause Siabiiity probiems 10 1€ curfent conaro

and stability problems may arise for the current control loop. 100p, in particular, when a line voltage estimation strategy
The current loop is, indeed, particularly sensitive to any model is adopted, as reported in [2]. This paper extends the anal-
mismatch and to the possibly incorrect identification of the model ysis of the problem, originally presented in [5], deriving
parameters. A detailed analysis of the stability limitations of the a generalized discrete-time state-space representation of the

commonly adopted dead-beat algorithm, based on a discrete- trolled ¢ d its load. Th Vs d
time state-space model of the controlled system, is presented.Con Tolled CONVErterand -iis Hioad. € analysis procedure

A modified line voltage estimation technique is proposed, which reveals the stability margins of the algorithm considering its
increases the control’s robustness to parameter mismatches. Thetypical implementation, which employs a conventional line
results of the theoretical analysis and the validity of the proposed yoltage estimation technique, and gives the possibility of
modification to the control strategy are finally verified both by yregicting the occurrence of oscillations in the current loop
simulations and by experimental tests. ; . .
by mapping the closed-loop plant’s eigenvalues. In addition, a
Index Terms—Active filters, pulsewidth modulation rectifiers, modified estimation technique for the line voltage is proposed,
voltage-source inverter current control. which is shown to increase the control’s robustness. All the
theoretical forecasts are verified by means of simulations and
I. INTRODUCTION experimental tests on a reduced-scale power converter.

HE use of fully digital control techniques for pulsewidth
modulation (PWM) converters is, more and more often, [I. BASIC SCHEME OF THE SYSTEM

the preferred design choice, thanks, on the one hand, to thepe pasic scheme of the PWM converter application which
well-known advantages of the digital controls in terms qf giscussed in this paper is shown in Fig. 1. As can be seen,

flexibility, insensitivity to aging effects and/or thermal driftsye nower converter directly feeds an equivalent resistive load
ease of implementation and upgrade, and, on the other hanthLo on the dc side, but, of course, by suitably calculating

the availability of powerful, low-cost microcontrollers@’s)  he reference for its current control loop, the harmonic and

and digital signal processors (DSP’s). reactive power compensation of a possible distorting load can
This paper investigates the stability limits of the deadysq pe achieved. If this is the case, the resistive lHadis

beat current control technique [1]-{3], which is now probably,majly not present. The current generaiqr.q is introduced

the most widely applied digital current control technique fof, model a generic distorting load connected in parallel to
power converter applications, such as power active filters agfl p\wn\ converter. Therefore, the depicted situation allows
PWM rectifiers. The conventional dead-beat current contrgk 14 describe in a unified manner both the case in which
technique can provide a quite satisfactory dynamic perfaie pwm converter works as a rectifier and the case in

mance when the converter's load is exactly identified, bofpic the same converter works as an active power filter. The
in the structure and in the parameters [1]-[4]. In case of Qssive components,, ¢, are required to filter the current

incorrect load identification, instead, stability problems M&Yigh-frequency harmonic components due to the modulation
arise. Indeed, the presence of tuned filters for the reductighqy must be suitably damped to avoid undesired resonant

of the high-frequency harmonic content of the line currenisseijiations of the line currents. Branch R, Cy, shown in

and the potential occurrence of resonances between sggh 1 ingicates one of the possible configurations to smooth

filters and the line impedance represent a serious limitatigfh resonance of the input filter. Actually, it may be substituted

Paper IPCSD 98-88, presented at the 1998 Industry Applications SociQ[ an active dampmg Obtame_d l?y a proper control (_)f _the
Annual Meeting, St. Louis, MO, October 1216, and approved for publicatiddWM converter [6], if the oscillation frequency falls within

in the IEEE TRANSACTIONS ONINDUSTRY APPLICATIONS by the Industrial Power the current control bandwidth. Finally, it may be worth noting
Converter Committee of the IEEE Industry Applications Society. Manuscri . . . - -
released for publication December 29, 1998. Bhat, in L, the line impedance is also included.
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Fig. 1. Basic scheme of the system with the PWM converter.
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Fig. 2. Basic scheme of the digital dead-beat current regulator.

beat control technique [1]-[7]. As it is well known, in a deadin two successive control intervals. As a consequence, the
beat controller the control algorithm calculates the voltaggorementioned delay in current reference tracking can be
to be generated by the power converter so as to make thduced to a single modulation period.

phase current reach its reference by the end of the following

modulation period. Here, the calculations are performed iy, SragiLITY ANALYSIS OF THE DEAD-BEAT ALGORITHM

the «,  frame, and the space-vector modulation (SVM) ) i
strategy, which very well suits the digital implementation, is De?d'beat control of three-phasg inverters has been W|d<_aly
vestigated by many researcher in recent years [1]-[5], in

adopted for the switching converter. This is essentially tHa dcular. for dri licati Th licati f thi
situation depicted in Fig. 2. An important advantage of t articuiar, for drive applications. The appiication of this con-

. . . . ; trol technique to active filters or PWM rectifiers is almost
dead-beat technique is that it does not require the line voltage . . . :
. raightforward; however, the effect of the input filters, com-
measurement in order to generate the current reference.

d ; . . - r?gnly used to eliminate the high-frequency harmonic currents
ead-beat control’'s algorithm, in fact, allows an estimation (%enerated by the inverter's modulation, must be carefully
the line voltage instantaneous value, based on the previQlig,igered. These filters, in fact, are not normally accounted
modulation periods, which can, therefore, be used also ¥ iy the control algorithm, which refers to an “ideal” load
the current reference generation. On the other hand, i8qe| where only inverter inductances are taken into
inherent delay due to the calculation time is, indeed, aserio&&ount, as shown in Fig. 3. This is what can be called a
drawback in active filter applications. In particular, whepodel mismatchDue to the presence of the input filters,
compensating distorting loads, it produces appreciable errgig dynamic behavior of the current loop changes and may
in correspondence of fast current variations. Thus, additionajen reach instability. Indeed, a suitable design of the input
provisions to get to a satisfactory performance level affters may reduce the occurrence of instabilities, as discussed
required [8]. In the more recent versions [2] of the deagn [8]. Anyway, similar problems arise also when there is a
beat controller, the delay may be reduced by sampling tharameter mismatchetween the modeled inverter inductance
control variables and executing the control routines twicgnd the actual one [2]. In the following, we restrict our analysis
in a modulation period. The turn-on and turn-off times ofo this last issue. Therefore, in the analysis, the presence of
the power converter switches may be independently decidib@ line impedance, of the input filters, and of the distorting
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Fig. 3. Simplified representation of Fig. 1.

load are neglected, as shown in Fig. 3. As a consequengesitive values ofAL, will be presented throughout the
the considered system can also represent a typical dramalysis, since this reveals that negative values always imply
application wherel, can be considered the motor inductanca somewhat higher stability margin. Therefore, positive errors
and u, the back electromotive force. (implying an underestimation af) have been considered as
Stability analysis is performed using the discrete-time statéte worst case.

space equations of the remaining first-order system, giveninstead, if the line voltage is estimated using (3), it turns out
by the actual converter inductancés Note the three-phasethat the characteristic polynomial of the closed-loop system,
system is assumed to be balanced and symmetrical. Agletermined by (1)—(3), is

consequence, the discrete-time system equations, developed in
the «, 3 fixed reference frame, have the following expression:

TS W
L

where (k) is the inverter currenty,, (k) the average phase
voltage, generated by the active filter, angd k) the supply AL
[

voltage, all of them_evaluate_d at the sampling instelfi,. A significant change in the system behavior is obtained
The control algorithm, which ensures a dead-beat respor\lNSﬁ

for the first-order system based on the modeled inductancfeen the active filter _curr(_ant referendg,(k) is a function
L of the line voltage estimation,(k — 1)
L,, is given by [1]-[6]

Lrn iref(k) = _Geqes(k - 1) + Kaf . iT,oad(k)- (6)

T [brer(k) — i(K)] + 2us(k) — uay(k) (2)

sw Indeed, this provision, which avoids the use of the line
where the line voltage, is either measured or estimated. Th&oltage sensors, is peculiar to active filters and high-quality
line voltage estimation can be obtained using the algorithmrectifiers, where the line current reference is related to the line

A(#) = 2* — BALyz + 2A Ly, (5)

The closed-loop poles, obtained solvingz) = 0, show
that only a 20% error is allowed before the system instability
occurs. Itis worth noting this result is independent of switching
frequency, since (5) is only a function of the relative error

i(k+1) =

[U'av(k) — U,S(k)] + L(I%) (1)

Uy (k + 1)

I voltage, and does not occur in drive applications. Note that
es(k—1) = uay(k — 1)+ —[i(k — 1) —i(k)] () Ka is one when the converter is operating as an active filter
oW and is equal to zero when the converter operates as a rectifier.
and then substituting in (2)s(k) with e,(k — 1) [1]-[5]. Being an external independent input, the presence;of,

The stability analysis of the closed-loop system can kes not affect the stability limits of the system. Using (6) into
performed by applying th& transform to (1), (2), and possibly (2) and applying theZ transform to (1)—(3), we derived that
(3), by deriving the characteristic polynomial of the closedhe closed-loop poles are given by the following characteristic
loop system, and by mapping the closed-loop poles. If thlynomial:
magnitude of the closed-loop poles is equal or greater than 3
one, the resulting system is, of course, unstable. The instability Az) = 2" = ALu(3 — K)z + ALy(2 - K) =0 (7)
condition results in oscillations of the system’s state variablgg o e g —

occurring at the Nyquist frequency. equivalent conductance of the compensated load, directly

Following this procedure, it can be found that, if the lin@jated to the active power absorbed by the load, is
voltage is measured, the poles of the closed-loop system giVRR maximum inverter modulation indeen = 20T /E)
by (1) and (2) are >

Geqpu/2mAimax s, and Geqpy 1S the per-unit

and Aiy,xe IS the maximum relative ripple of the inverter
Do = /ALy (4 currents. Equation (7) shows that the closed-loop poles are
' strongly dependent on the conductar@g,,, and, thus, on
where ALy, = 1 — L,,/L is the relative error between thethe operating condition of the load. Whef.q,. is zero,
actual and the modeled inductance. Equation (4) shows tliat reduces to (5) and the 20% margin on the inductance
system stability is ensured up to 100% error in the modeledror still applies. Instead, whe@.q,., IS greater than zero,
inductor L,,, revealing a considerable robustness to parametbe stability limits change and depend also on the system
mismatches for this condition. It is worth noting that onlyparameters. Assuming that the maximum modulation index
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Fig. 4. Absolute value of the maximum closed-loop plant eigenvalue asFgy. 5. Absolute value of the maximum relative error on the converter
function of the relative estimation error ah. Solid line (a): line voltage inductanceL as a function of the?eqpu. The simulated conditions, which
conventional estimation; dashed line (b): reference calculation based die the results reported in Section V, are explicitly indicated.

voltage estimation; dash-dotted line (c): proposed estimation technique.

rithm, the oscillations in the estimated voltage can still affect

is 0.9 and Ainaxy is 10%, it can be found that the usene current control algorithm (2) and destabilize the system.
of (6) improves the stability limit up to a 43% margin onconsequently, withGeq,, > 0, the actual stability margin of
the inductance error whereqpy is close to its maximum the system is reduced, since the situation is almost equivalent
value, which is, of course, unity. Fig. 4 shows the maximuRg the independent generation of the current reference, which,
absolute value of the closed-loop poles for the aforementiongg shown by Fig. 4 [trace (a)] exhibits a lower stability
conditions as a function of the relative errarLy,. Trace (a) margin compared to the case when the current reference is
refers t0Geqpu €qual to zero, and trace (b) refers ®@qpu  proportional to the estimated line voltage [trace (b)]. On
equal to one. Note that the system robustness is increase¢ghit other hand, whefi..,,, becomes negative, this solution
the last condition since the maximum errarLy, which is jmproves the stability margin to the level characterizing the
allowed before instability occurs, moves from 20% to 43%ngependently generated reference. In conclusion, the stability
Indeed, this result is not general and strongly depends on fjgrgin is kept at the level of the independently generated
system parameters (dc-link voltage, supply voltage, inductar}%@erence, no matter the sign @eqpu. This, of course,
L, switching frequency). Moreover, it is worth noting that, fofepresents an improvement only in the case of negative values
applications where the power converters are injecting actiye Geqpu. Filtering the estimated voltage, instead, decouples
power into the line, which correspond to negative valugspth the reference generation and the current control from the
for Geqpu, the maximum allowed erronsLy, is drastically possible oscillations of the estimation algorithm, ensuring, in
reduced. This may be the case of PWM rectifiers feeding Binciple, a superior robustness to the system’s stability.
or dc drives, during motor braking; stability problems may be sipce the line voltageu,(t) can be considered almost
encountered if the converter inductance is not very preciselj,ysoidal at a fixed frequency, a proper choice for the
determined, as shown by Fig. 5. aforementioned filter is a digital bandpass filter centered at

In order to improve the system’s stability, a modifiedhe supply frequency, the expression of which is given by (8),
algorithm for the estimation of the line voltage.(k) is \where ) = 2r f5Ts, f5 = 50 Hz (filter frequency equal to

proposed here. This modification is based on the fact thk |ine frequency)Z, = 100 us (sampling period), anth is
the aforementioned instabilities occur at half the switchinge resonant poles’ magnitude

frequency, which is, of course, much higher than the supply . ) L
frequency, mainly because of the interaction between the  py(,=1) = 2cos (1 —m)z™" + (m” — 1)z . ®)
estimation algorithm (3) and the control law (2). However, 1—2mcos Az~t +m?z72

it is possible to eliminate the aforementioned interaction using This solution minimizes the phase shift at the supply fre-
a filter on the estimated voltage (%) which provides attenu- quency compared to low-pass-filter solutions, being simple to
ation at high frequency and, at the same time, maintains tineplement and not time consuming.

same low-frequency content. The block diagram correspondingThe improvement given by this provision is shown by trace
to the proposed control implementation is shown in Fig. 6. (t) of Fig. 4, obtained using/.q,. = 0 and the second-order

is worth noting that the other possible solution to the problerhandpass filter (8) with a resonant pole couple having a magni-
that is, the filtering of the current reference, provides only tade of 0.9. We can see that, with this provision, the maximum
partial improvement. This is due to the fact that, while theelative errorA L, moves from 20% [trace (a)] to 84% [trace
filtered current reference is decoupled by the estimation alg@)]. A smaller improvement can be achieved by reducing the
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TABLE |  — E— - e
PROTOTYPE RATINGS :
Phase Voltage (RMS) 85V u%
Output Power kW o T
DC Link Voltage 300 V h
Active Filter Inductance 1.8 mH
Switching Frequency 10 kHz

magnitude of the bandpass filter poles, thus achieving a faster;
transient response and a lower sensitivity to possible supply eg .
frequency variations. The relationship between the stabilityljn -, P M‘,VH‘q‘mﬂTH\
margin and the magnitude of the filter's resonant poles is given_ 11 i et = o
by Fig. 7. The figure has been derived considefiig,, =1, , o o _ o

Fig. 8. Simulated active filter behavior with the classical estimation tech-

the plot has also been calculated for differéhly,, values, e’ ao\giv) i (12 Aldiv), i), (12 Aldiv), e, (150 Vidiv), time
exhibiting only slight differences. It is worth noting that, in thecae (2 ms/div).

presence of sudden variations of the line voltage, e.g., during
voltage sags, the current control response is delayed by the
bandpgss filter dyr_wam_ics, which, in principle, may determiqﬁH’ which corresponds ta\L,, = 29%. Since the adopted
a certain degradation in the performance of the current Ioop}eqpu is quite small (0.41), the stability margin results in
being slightly larger than 20%, which is the minimum margin
V. SIMULATION RESULTS with independent generation of the current reference. This is
The results of the described mathematical analysis and thegood agreement with Fig. 5, where the simulated points
effectiveness of the suggested modification to the line voltagee highlighted. Therefore, in Fig. 8, the active filter current
estimation strategy have been verified by means of numand the estimated line voltage oscillate at half the sampling
ical simulations. The system of Fig. 1 has been simulatéequency. As theoretically predicted, the oscillating behavior
considering for the PWM converter both a simple rectifiesf the system'’s variables is removed by filtering the estimated
and an active filter operating mode. The system’s parameteddtage, as can be seen in Fig. 9. The same verification is done
are shown in Table I. The internal model inductargg has for the rectifier operating mode. As can be seen in Fig. 10, the
been altered on purpose with respect to the actual valire rectifier is operated witld7.,, > 0 (active power is absorbed
order to generate the predicted stability problems. Figs. 8 afndm the utility grid) for 10 ms, then the power flux is reversed
9 describe the effect of the filtering of the estimated voltage for 20 ms(Geqpu < 0) With AL, = 11%, when the rectifier
the active filter operating mode. The alterdralue is 1.275 works as a generator, oscillations appear on the current and

AT
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V; ALy, = 0; time scale: 2 ms/div; rectifier mode;Upper trace: estimated
line voltage (200 mV/div). Middle trace: line to neutral measured voltage (40
V/div). Lower trace: phase current (1 A/div).
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VI. EXPERIMENTAL RESULTS

The considered system has been experimentally tested, in
a PWM rectifier operating mode, with the inverter inductance
and switching frequency reported in Table I. Fig. 12 shows
the system variables when a correct identification of the
Fo. 10, Simulated PWM recifier behavior with the classical estimai inverter inductancd. is achieved. No filter is adopted for the
telghniqhezullelaog VIdiv), irfc(lllze rA/:iv; Vle(:r (Vﬂso V/Zivc)f‘?isrgsf;ém(i '°8§t|mated line voltage, but, thanks to the absence of parameter
ms/div). mismatches, both the line current and the estimated voltage are

stable and free of oscillations. When a different inductance

value is inserted in the control algorithm, corresponding to

e ALy = 12%, the system begins oscillating, as shown by

/ i \ ] Figs. 13 and 14. The oscillations take place at half the sam-
- . pling frequency, as expected. The low stability margin is due
. to the presence of unavoidable unsymmetries in the converter
“ phases which further deteriorate the stability margin. It can
| also be found that the effect of the converter dead times,

* particularly evident in the low current operating condition that
. ; . : b . has been chosen, is a factor which reduces the stability margin.
TN | I N f Fig. 15, instead, shows the system’s behavior in the case of

e \\ e - / , \T\\ , a reversal in the power flow. The power flows now from the

5 A NS S \‘ dc side of the converter to the line, as can be typical in drive
—_— R applications, when the motor is reducing its rotation speed

regenerative braking). As can be seen, the system is stable,

Fig. 11. Simulated PWM rectifier behavior with a bandpass filter in the e%} . . .. .
timation algorithm:c, (100 V/div),;, (12 A/div), e, (150 V/div), time-scale PUt, when a small error in the inductor value is inserted in

(4 ms/div). the control algorithm, the system goes unstable, as shown by
Fig. 16. Note thatA Ly, is now equal only to 5%.
estimated voltage. The reduction of the stability margin is due This reveals the potential problems that can be encountered
to the negative value df.,, as predicted by Fig. 5. Again, using the conventional dead-beat current control for bidirec-
as shown by Fig. 11, the oscillatory behavior is removed, tienal power flow converters. The use of some decoupling
expected, when the estimated voltage is filtered. It is importaethnique, such as the one suggested in this paper, seems, in
to note that the simulations fully confirm the validity of thehis case, to be mandatory. Finally, Fig. 17 shows the behavior
theoretical forecasts and reveal the generality of the analyticdithe system when the filter on the estimated line voltage is
approach, which equally applies to PWM rectifiers and actiwlopted. The occurrence of oscillations is also removed in
filters. case of very high values ak Lo, which, in this case, could
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Fig. 13. Test conditions: no filter on the estimated line voltdge; = 120 Fig. 15. Test conditions: no filter on the estimated line voltdge; = 120

Vi ALy, = 12%; time-scale: 2 ms/div; rectifier mode. Upper trace: estimategl: ‘A 1., = 0; time scale: 2 ms/div; generator mode. Upper trace: estimated
line voltage (200 mV/div). Middle trace: line-to-neutral measured voltage (4fhe voltage (200 mV/div). Middle trace: line-to-neutral measured voltage (40
Vl/div). Lower trace: phase current (1 A/div). V/div). Lower trace: phase current (1 A/div).
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Fig. 14. Test condition: no filter on the estimated line voltdde; = 120V, Fig. 16. Test conditions: no filter on the estimated line voltdge; = 120
ALg, = 12%; time scale: 40Qs/div; rectifier mode. Upper trace: estimatedy:"A 1.,, = 5%; time scale: 2 ms/div; generator mode. Upper trace: estimated
line voltage (200 mV/div). Middle trace: line-to-neutral measured voltage (4fhe voltage (200 mV/div). Middle trace: line-to-neutral measured voltage (40
Vidiv). Lower trace: phase current (1 A/div). V/div). Lower trace: phase current (1 A/div).

reach 45%, without generating any instability in the systeny,jications of current-controlled voltage-source converters.
even for regenerative braking mode of operation (worst cagfe paper proposes an effective analysis technique which
condition). The depicted situation refers Ay, = 30%. enables one to predict the occurrence of instability problems,
revealing the different robustness levels of the possible im-

VII. CONCLUSION plementations of the converter’s dead-beat control. The key

This paper has presented a theoretical analysis of the statiile of the line voltage estimation technique in determining
ity robustness of the digital dead-beat current control techniqte control’s robustness is evidenced, and a novel estimation
with respect to parameter mismatches. These are very likslyategy, which guarantees a superior performance level, is
to be encountered when considering active filter and rectifiproposed. This solution consists of decoupling the estimation
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