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Uninterruptible Power Supply Multiloop Control
Employing Digital Predictive Voltage and
Current Regulators

Simone BuspMember, IEEESandro FasoldMember, IEEEand Paolo MattavelliMember, IEEE

Abstract—A digital control technique for the inverter stage of hand, digital techniques like deadbeat or predictive control
uninterruptible power supplies (UPSs) is described, which is based schemes [1], [2], optimal state feedback [3], or sliding-mode
on voltage and current predictive regulators. Its aim is to achieve control [4] have also been investigated, and their capability

a deadbeat dynamic response for the controlled variables (output f idi duced level of distorti d a fast d .
voltage and inverter current). The controller maintains the advan- ©' Providing a reduced level of distortion and a fast dynamic

tageous conventional multiloop structure and is capable of guaran- response has been demonstrated.
teeing a high-quality dynamic performance. Moreover, its designis ~ This paper focuses on a digital control technique based on

extremely simple and requires only a reasonably accurate knowl- predictive voltage and current controllers, suitable for appli-
edge of the output filter parameters. Finally, the only sensed vari- cation to single- and three-phase UPS systems. The approach

ables are the output voltage and the converter output current. The S . . .
validity of the proposed strategy is demonstrated by means of sim- maintains the advantages of conventional multiloop solutions

ulation and experimental results referring to a single-phase UPS [5], [6], .., the possibility of implementing an overcurrent pro-

laboratory prototype (1 kVA). tection for the power converter, but guarantees the high perfor-
Index Terms—Digital control, digital signal processor, uninter- Mance level typical of deadbeat controllers. This is the main
ruptible power supply. property of the proposed controller, which guarantees signifi-

cant advantages in terms of complexity and ease of design.
The first consequence of the controller’'s organization is that
the voltage and current regulators have the same structure,
NINTERRUPTIBLE power supplies (UPSs) are nowawhich simplifies design and implementation. This result is
days widely adopted for the protection of sensitivachieved using, for the voltage regulator, a sampling frequency
loads, like PCs or medical equipment, against line failures egual to half of the one used for the current loop. Thanks to this
other ac mains’ perturbations. A large number of productgrovision, both controllers have to compensate a system which
with different topologies and power ratings, are available afonsists of an integrator and a delay and, consequently, they
the market, making the UPS a quite mature product. Ascan have the same structure. Moreover, the design of controller
consequence, the competition among the manufacturers is vigsyameters can be directly derived from a rough knowledge of
high. The capability of guaranteeing a low level of voltagenhe converter’s output filter parameters. The proposed solution,
distortion in the presence of nonlinear and distorting loads, e.gased on the output voltage and converter's output current
diode rectifiers with capacitive filters, represents a fundamentansing, i.e., without load current measurement, guarantees an
feature for this kind of product. The need for high dynamiexcellent large-signal behavior and low harmonic distortion in
performance and excellent static regulation of the load voltag® presence of a typical nonlinear load.
has stimulated considerable research activity. Different controlThe validity of the approach is demonstrated by simulations
strategies have been identified to tackle the problem and catd experimental tests performed on a single-phase UPS labo-
now be found in the literature [1]-[9]. On the one hand, digitahtory prototype (1 kVA). It is worth noting, however, that the
control techniques based on the repetitive control concept [8bntrol concept can also be applied to three-phase converters by
[9] or on discrete Fourier transform (DFT)-based harmonigeans of the stationary frame-(3) transformation. The dig-
elimination technique [7] have been shown to offer low distoftal control is implemented on a custom board employing an
tion levels in the steady state, but also slow speed of resporgeSP21062 floating-point digital signal processor (DSP), as
to dynamic variations of the operating conditions. On the othgétfe main processor, and an ADMC401 motion control DSP, as
an interface with the power converter.
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Single-phase scheme of the UPS system. (a) Instantaneous. (b) Averaged.
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Fig. 2. Simplified control schemeZC'(z) is the discrete-time equivalent of the converter’s intrinsic output impedance, due to the output filter capacitor.

wherez(t) = [v,(t)ir.(t)]* is the state vector, average invertethe resonance frequency of the( filter (i.e., w, 7, < 1), the
voltagew,,(¢) and output current,(t) are considered systemapproximations shown in (4) hold and, thus, the following dis-

inputs, and
0
A= [—1/L 0

] nel] w7 e

Assuming that the inverter voltags, (¢) and output current
i,(t) are constant between sampling instants (zeroth-order-hold

crete-time dynamic equations can be derived:

volk + 1) =vg (k) + 22 - [ig (k) — o (k)]

o (5a)
in(k+1) =ip(k) + % [om(k) —vo(B)].  (5b)

sampling of the system), the discrete-time dynamic equationsJsing (5), we developed a predictive control strategy with

can be written as

2(k + 1) = Sx(k) + Lyvm (k) + Daio(k)

where

P = CATS
cos(w,Ts)
1

Wo

3 sin(w,Ts)

' = (GATS —IQ)A_IBl =

I's = (CATS _IQ)A_lBQ =

In (4), I, is the 2x 2 identity matrix, 7 is the sampling pe-

3

1, T,
o.C sin(w,Ts) N 1 bl
cos(w,T5) —% 1
(4a)
[1 — cos(w,T3) 0
1 ~| T (4b)
i E Sin(ong) f
r 1
~o0 sin(w,Ts) |- %
| 1—cos(w,T%) 0
(4c)

a typical multiloop structure where an internal current loop is
controlled by an external voltage loop, as schematically repre-
sented in Fig. 2. It aims at achieving a deadbeat type of dynamic
response from both the loops, as described in the following.

A. Current Loop

Firstly, we note that the assumptian,7, < 1 is veri-
fied when the output capacitive filter presents a negligible
impedance with respect to the inductive one, at the control
frequency. A possible physical interpretation of (5b) is that,
in the system of Fig. 1, it is possible to consider the output
voltage independent from the injected converter current. Thus,
we neglect the second-order dynamics of the output filter
(Fig. 1) and consider only its inductive component. Doing
this, the control algorithm ensuring a deadbeat response, as
demonstrated in [10], can be written as
(kA1) = 27 (K) = (K] = v ()0 ) v (k1)

’ (6)

where a sampling period equal to the modulation pefipds
assumed.

riod, andw, = 4/1/LC is the angular resonance frequency of Atthe beginning of any switching period, e.g., at insta¥,
the second-ordeL—C filter. Moreover, under the assumptionthe control system samples the inductor currgrk) and the
that the sampling frequencf, = 1/7; is much greater than output voltagev, (k) and calculates, based on (6), the average
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Fig. 3. Proposed digital control. From top to bottom: timing of voltage controller, current controller, and converter instantaneous and gwetragkane.

output voltageu,,,(k + 1) the inverter needs to generate in théhe discrete-time dynamic equation of the output voltage can be
following modulation period to make the current erftir —¢r,)  written as

goto zero atinstarf&+2)-7’;. A schematic of the control timing T

is given by Fig. 3. Clearly, the quantity, (k + 1) is not known Uo(k+2) =v,(kE+1)+ 5 ik —1)

to the control system at instaht 77, but can be approximated

in different ways (e.g., with a linear interpolation of previous =v,(k) + 65 ee(k —2) +ig(k — 1)] (7)
samples). In this way, the control equation can be made causal

and computable. The average voltage(k + 1) will then be Where the closed-loop control of capacitor curréstis as-
generated by a suitable modulation routine. Although Fig. 1 repHmed to be equivalent to a pure two-control-cycle delay [i.e.,
resents a single-phase system, the control strategy can be easifff) = i¢:(k — 2)]. Updating the voltage control at half the
extended to a three-phase system by means of the usuald) Sampling frequency and imposing the reference current to be
to (v, B) coordinate transformation. Because of the approximgonstant between sampling instahts- 2 andk, we obtain

tion of the output capacitor with an independent voltage source, o

the closed loop response of the system is not exactly deadbeat; volh+1) = v, (h) + ﬁ “ig(h—1) (8)

in addition to the expected two-cycle delay directly implied by

(6), the output current shows a residual error which dependswhere with we denote the sampling instant at a half of the
the output filter design and, in general, gets bigger when the r@iginal sampling frequency. Then, we also operate (Fig. 2) the
onance frequency of the output filter gets closer to the samplifggdforward compensation of the capacitor current teF(k),
frequency (e.g., when the output capacitor is decreased). which is straightforwardly derived from the output voltage ref-
erence. As a consequence, the control algorithm, which ensures
a deadbeat response, is simply given by

e
T 2.T,

B. Voltage Loop

The same approach we described so far can also be applied Aig(h) [v5(h) —vo(R)] — Aig(h—1)  (9)
to control the output voltage. Firstly, as shown in the scheme of
Fig. 2, we operate the feedforward compensation of the comhere we substituteif.(k) with AsZ (h), which represents the
ponent of the inductor current referentg(k) related to the correction of the current reference, with respect to the feedfor-
load currentio(k). This is computed by means of an estimatormvarded one. Note that (9) has the same structure as (6), where

which we will discuss in the following. Then, according to (5a)the disturbance componentg k) andv,(k + 1) have been set
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Fig. 5. Effect of integration method on load current estimation. Actual load
Fig. 4. Effect of interpolation on the current reference. Average convertearrent (dashed line), trapezoidal integration (solid line ), and Euler integration
output voltage (normalized to the dc-link voltage value), before and after (bdldotted line).
trace) the insertion of the interpolation routine.

C. Load Current Estimator

to zero. Itis fundamental to underline that the control pefipd  An output current estimatoi) can be implemented consid-
assumed for the predictive voltage controller is equalrice ering the classical Luenberger structure. With only a slight de-
the modulation period’, that is, double the current control pe+erioration of the control performance, this allows to avoid the
riod, whose reference is therefore updated only every two madad current sensing, while giving the well known advantages
ulation periods. This avoids instabilities arising from the intederiving from a full load current feed-forward compensation.
action between the internal current loop and the external voltagg allocating the estimator eigenvalues in the origin (so as to
loop and, at the same time, gives us the highest possible spgetia deadbeat estimator) this simple derivative estimator equa-
of response. Again, since the current loop is not exactly a putén can be obtained:

delay and the output current estimator dynamics are not totally C

negligible, the response of the voltage loop is not expected tho(k —1) = T [vo(k) —vo(k = D] +ir(k—1). (12)

be exactly deadbeat. Anyway, as we will show in the following, Actually, the structure of the estimator also includes a second-

a very good approximation of the desired dynamic response is . . L
. order low-pass filter. As a consequence, in the practical imple-
achieved, where the output voltage tracks the reference practi- . T . : .
; mentation, the estimation algorithm is followed by a moving av-
cally with only a four-cycle delay4(- T5).

An important consequence of using half the sampling frggage filter of order 4, whose finite-impulse response (FIR) be-

quency on the external loop with respect to the internal one |_5Vi0r is highly pref_erable tq th_at of classical infinitezimpulse
that, from the internal loop standpoint, the variation of the cufs >Ponse (IIR) solutions. This finally generates the tes(#)

e . . appearing in Fig. 2.
rent referenceéy, required by th? yoltage control is seen asd Another important point concerning the implementation of
sequence of step reference variations. Therefore, a tranS|e%|s

started everv time the current reference is uodated. In orderts derivative estimator is the type of discretization algorithm
y b ' tobe used in the derivation of load current. This is given as the

smooth this transient, a very effective solution is to implement .
i ) : .difference between the inductor current and the output capac-
linear interpolation of the current reference samples, to provige

the internal loop with a reference closer to the ideal sinusoidal" current. Since the sampled inductor current exhibits linear

one. This is the aim of the interpolation block of Fig. 2, whos\é"’m"’.ltlons during trgn5|ents (being Fhe m_tegral of a stepwise
. : . varying voltage), a first-order-hold discretization seemed to us
effect is described by Fig. 4. As can be seen, the control outpu . ) :
. ) . . more suited to the physical behavior of the system. In order to

vp, 1S Much smoother when the interpolator is activated. The

resence of the interpolator changes (8) as follows: highlight this point, we simulated the estimator basing the calcu-
P P 9 ' lation of the inductor current both on a Euler integration method
and on atrapezoidal (first-order hold) one. The results are shown
TS = . 1 . . . . . . . . _
vo(ht1) = vy (h)+ 2 - 2 (h—1)— = i(h —2)| . (10) in Fig. 5, in the case of a step load variation. It is possible to ap

C |2°¢ preciate the better performance of the second solution.
Accordingly, the deadbeat control algorithm is . | MPLEMENTATION |SSUES

4 1 A. OutputL—C Filter Design
'[U:(h)—vo(h)]—BAi*c(h—l)+3Ai*c(h—2)- It is worth noting that the assumption we made to derive
(11) (6)—(11) is practically well verified, as long as the output filter

At (k)=

Sa

(S )
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resonance frequency is sufficiently low . < 1) with re- cause of the inherently limited low-frequency gain of our con-
spect to the sampling frequency, as shown in (2)—(5). Practicaliller and is not related to any particularimplementation aspect.
we found that a ratio between the sampling frequency and the
resonance frequency above 20 gives good results. In the cas& ofRobustness
a typical UPS design, where the output capacitor also serves asnother important issue concerning the practical implemen-
a partial reactive load compensator, this is typically verified. tation of the proposed control algorithm is the estimation of its
o ) ) robustness against parameter mismatches. Due to the presence
B. Sensitivity to Noise and Accuracy of Regulation of two different sampling frequencies in the controller, the an-
The practical implementation of the controller requires sonadytical evaluation of the robustness is quite complicated. As-
care in the conditioning of feedback control signals. Being aauming that the inductive and capacitive part of the filter can
inherently wide-band controller, with a very quick speed of rdse treated separately, which is fairly verified in the case we are
sponse, the controller is very sensitive to feedback noise atmhsidering, a separate robustness analysis can be performed for
disturbances. For this reason, particular care must be takerihia voltage and current loop. As reported in [12], where only the
the controller layout definition. In case the noise level cannotirrent controller is considered, the robustness is quite high, and
be reduced enough or the control bandwidth has to be lowetéé controller tolerates parameter estimation errors up to 100%
for any other reason, we also considered the possibility of a difefore going unstable. In our case, the situation is complicated
ferent implementation of the voltage control loop. Equation (%)y two factors: the two loops of the controller are not indepen-
(or (11) if we consider the interpolation process) can be seendent and the discretization we are using only approximates the
a particular case of a more general controller structure, basedexact system’s behavior. We therefore expect a reduced robust-
the estimation of the output voltage again by means of a deamss. In practice, we found that errors in the range of 20% for
beat Luenberger estimator. In fact, considering the discrete-tilneth the parameters do not cause severe stability problems in
equation (8) for the incremental terms any load condition. Moreover, the system is more robust to un-
T, derestimations than to overestimations of the filter parameters.
Avo(h+1) = Avo(h) + CS “Aiz(h—1)  (13) This is extremely important in case capacitive loads are con-
nected to the output. Being seen as underestimations of the ca-
pacitor value, they do not cause severe stability problems; how-
ever, the dynamic behavior of the controller is affected and a
- ¢ .. lower speed of response is achieved. It is worth noting that, as
Aic(h) = _TS Ado(h+1) (14) stated fr:bove, thesz results are achievable only if theginductive
whereAd,(h + 1) can be estimated using the following Luen@nd capacitive part of the filter can be treated separately, i.e., if
berger estimator: the current loop and voltage loop dynamics are sufficiently de-
oT coupled. This calls for a quite high ratio between the switching
75 CAis(h —1) frequency and the filter resonance frequency. We practically ver-
. ified that the stability robustness is adequate to the industrial
+Ks (Avo(h) = Abo(h)) . (15)  grangarg only whenythis ratio is at Ieas(t] above 20. This may
When the estimator eigenvalue is allocated in the origip & lead to oversizing the output capacitor, especially in the case
1), (9) is obtained. Instead, if the eigenvalue is allocated awaflow-output-power applications.
from the origin (s < 1), a low-pass action is included in .
the controller, which practically “detunes” it with respect to th®- Complexity
ideal deadbeat solution. This clearly reduces the speed of reFinally, it is worth underlining that the controller we derived
sponse, but also determines a lower sensitivity to control noise.practically very simple. Once the control and current esti-
Equations (13)—(15), reported here without the capacitor currenation routines are implemented in a microcontrolje€) or
interpolation, can be easily extended including the interpolati@SP, the design effort is reduced to zero, since only the output
process. filter parameters have to be specified with the aforementioned
As far as the accuracy of the regulation is concerned, vaecuracy. Moreover, the control complexity is fairly small too.
found that both inverter deadtime and dc-link voltage feedfoAs a comparison, we evaluated the execution time of this con-
ward compensation play an important role. We used an offlim®| algorithm and of a double proportional plus integral (PI)
deadtime compensation strategy based on the current referaeggilator (with antiwindup) on the same platform measuring
zero crossings. This gave us an appreciable reduction of the tetabtal time of 12s for the proposed control and of & for
harmonic distortion (THD) (about 1%). Clearly, this result ishe conventional one. Note that the control code was written in
totally dependent on our particular hardware, which requiredcalanguage with no particular optimization. The increment in
relatively high deadtime (2s) for safe operation at 15 kHz. Athe complexity is anyway limited to 50%. The control timing
different hardware, with shorter deadtimes, could take less be&an be seen in Fig. 6. The implementation of the digital con-
efit from this refinement. troller has been performed by means of the connection of two
The dc-link voltage compensation, instead, allowed us to lBSPs. An ADSP21062 floating-point DSP by Analog Devices
duce the tracking error on the output voltage fundamental cofmas been connected through a dual-port RAM to an ADMC401,
ponent (especially its variation from light load to full load). Dif-a fixed-point processor, by the same manufacturer. This gave us
ferently from the previous one, this provision is necessary bire possibility of minimizing the development time. Clearly, the

where Av,(h) = v,(h) — v}(h), the control equation which
ensures a deadbeat response is simply given by

Ab,(h+ 1) = At,(h) +
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Nominal output power P, 1 [kVA] t \ . I Hlu\h\
Nominal output voltage VorMs 115 V1 \ /’/J/ “‘}\
4,”’\"" .H..Ii‘.n_ii‘\‘ylll!l..y.‘ML“;,II
Minimum load DF cosb 038 ] T o N
DC link voltage Vic 250 vi D R - fr’v“\ ™.
Output frequency f, 50 [Hz] 2+§\ § \\\
Output inductor L 18  [mH] 14 < A - N
Output capacitor o) 120 [WF] \\\. J \
Switching frequency s 15 [kHz] T
MY :
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control complexity is perfectly compatible with the implemen  math1 500V 2.50ms

tation on a less expensiyeC unit. Further details concerning

; ; ; Fig. 8. Load step variations. Output voltage (channel 3) 100 V/div, inverter
the implementation can be found in [11]. output voltage reference (channel 4) 200 V/div, actual load current (channel 2)

10 A/div, and estimated load current (channel 1) 10 A/div; horizontal 2.5 ms/div.
IV. EXPERIMENTAL RESULTS

The controller we propose has been extensively tested orsahown. Fig. 8 also shows the dynamic behavior of the current
laboratory prototype of a single-phase UPS, whose basic parastimator; as can be seen, the estimator guarantees a fairly good
eters are given in Table I. Some of the results are now discussteaicking of the actual load current waveform (which is sensed
Figs. 7 and 8 describe the converter behavior when the nomioaly to allow a comparison with the estimated one), with only
load is connected and then disconnected. As can be seen,ali¢tle delay and a very small transient in response to the step
output voltage waveform exhibits only small deviations fromariations. This confirms the validity of the discussion of Sec-
the ideal sinusoidal waveform. This is due to the consideralilen II-C.
tracking capability of the current reference; as can be seen inA different situation is shown in Figs. 9 and 10, where the
Fig. 7, the output current follows the reference at the maximubiPS behavior in the presence of a distorting load (diode bridge
speed allowed by the power converter, reaching saturation. Thigh capacitive filter: 47Q.F filter and 252 resistive load) is
can be seenin Fig. 8, where the average converter output voltagasidered. Again, the results show good agreement with the



1852 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 37, NO. 6, NOVEMBER/DECEMBER 2001

Tek Stop: 100kS/s 150 ACgs Tek Stop: 100KkS/s 1048 Acgs
N ] , E — —]
K, /‘\\ ] L /\
37 E 3 F
N I Y N
2 i I 2+ :
L T A A I
1+ \/\ ] T -]
Mo \/ e
Ch T.00 VA (g .00 MZ2.50ms Ch3 7 —-30mvV Chi T 00 VAN Nz .00 MZ2.50ms Ch3 7 -50mv
Ch3 500mv Ch3 500mv
Matht 5.00V 2.50ms Math1 5.00 V 2.50ms

Fig.9. Distortingload. Outputvoltage (channel 3) 100 V/div, currentreferenéeg. 11. Distorting load and “detuned” voltage controller. Output voltage
(channel 2) 10 A/div, and actual current (channel 1) 10 A/div; horizontal 2(&hannel 3) 100 V/div, current reference (channel 2) 10 A/div, and actual
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Fig. 10. Distorting load. Output voltage (channel 3) 100 V/div, inverter
output voltage reference (channel 4) 200 V/div, actual load current (chanmgy. 12. Distorting load and “detuned” voltage controller. Output voltage
2) 10 A/div, and estimated load current (channel 1) 10 A/div; horizontal 2{&hannel 3) 100 V/div, inverter output voltage reference (channel 4) 200 V/div,
ms/div. actual load current (channel 2) 10 A/div, and estimated load current (channel
1) 10 A/div; horizontal 2.5 ms/div.

theoretical analysis. The measured THD of the output voltage is
3.4%. Finally, it is worth adding that the implemented controlldroller is reduced. Itis clearly visible that the current and voltage
comprises all of the refinements discussed in Section I, suchwaveforms are smoother (Fig. 11). The output impedance of the
the interpolation of the current reference, the compensationaainverter being somewhat higher with respect to the previous
deadtimes, and of the dc-link voltage variations. case, the voltage distortion induced by the distorting current is

Figs. 11 and 12 describe the effect of the detuning of thgher. This reduces the slope of the distorting current itself,
voltage controller, according to what has been discussed in Setiose peak is now lower and wider. As a result, the THD of
tion 111-B, in the case of the same distorting load considered the output voltage is now 3.8%. It is worth underlining that the
Fig. 9. The second real pole of the voltage controller, besidadvantage of the detuning is a better tolerance of noise and dis-
the one in the origin due to the deadbeat action, has beentsebances on the feedback signals, which may be required if the
to 4500 rad/s. As can be seen, the speed of response of the comtroller is used in a noisy environment.
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Note that the transient response is now much slower, compared
to that obtained in Figs. 7 and 8.

V. CONCLUSIONS

A digital control technique for voltage-source inverters with
an L—C output filter has been presented, which is based on
predictive current and voltage controllers. Based on approxi-
mated and, as a consequence, particularly simple control laws,
the technique guarantees satisfactory small- and large-signal
dynamic performance. In addition, it seems to be particularly
easy to implement and tune, requiring only the knowledge of
the output filter parameters. Various details concerning the con-
troller structure have been considered and analyzed. Finally, the
system’s performance has been verified by simulation and ex-
perimental tests on a laboratory UPS prototype, basically con-
firming the theoretical analysis.
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