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Abstract- In the high power converters such as three-phase presented to verify the dynamic performance of the
inverters is recommended to operate at low frequencies, due resulting closed-loop system.
to the switching losses. In addition, modeling errors and non  Thjs paper is organized as follows: the Section II
linear loads with unmodeled gnamicsfrequently degrade the - v4ing the description of the plant while in the Section Ill
controllers performance resulting in a poor transient

presents the closed-loop system structure. The proposed

response and instability. This paper presents a robust model . . - .
reference adaptive controller (RMRAC) for three-phase RMRAC control law is described in the Section IV. The

uninterruptible power supplies. The three-phase system Section V presents the parameter adaptation algorithm.
model is rewritten, using a synchronous transformation in dq  Simulation and experimental results are given in the
coordinates, and a RMRAC controller is used to assure section VI. The section VII concludes the paper.

system robustness and performance. Simulation and

experimental results are used to show the closed-loop system Il. PLANT DESCRIPTION

performance under several operation conditions.

The proposed system shown in the Fig. 1 is formed by a
. INTRODUCTION three-phase inverter, a deltA) (connected LC filter and

three-phase load. The system state space model is given
Three-phase inverter systems is usually found in to higpy:

power applications, where it is required high efficiency and
low total harmonic distortion. By increasing the switching .
frequencies it is possible to reduce the total harmonic lig0_ 1 02 10Vgs-VuwO_ Rt Og0O
distortion in the output waveforms. However, in high HsH 3L, B1 18V -VwH L, BsB 1)
power static converters, the switching losses increase with
the elevation of the switching frequency. Therefore, efforts iT= —(i R+ is)
have been done for that high power converters obtain gogghd
performance even operating at low switching frequencies .
[1]-[4]. Such systems demand high performance VesO_ 1 O -10Fig —ig O
controllers to compensate eventual or periodic disturbances HisrH f@r 2 -ig-ig B (2.2)
in the waveforms, such as the ones that appear under non
linear loads. In addition, modeling errors and unmodeled V1R :—(VR5+VST).
dynamics are quite common, due to simplifications of the
model and characteristics of the plant. All these factors jlir} = E}Z%
influence directly in the converter performance, and, in

u

more critical cases, they even compromise the controllers
Sa}i’f

use in the system, as described in [5]. Zhang et al [2] use a
synchronous transformation and a load conditioner using a
PI controller acting in a high frequency to compensate the
distortions in the output waveform. However, the static
load conditioner increases in 20% the nominal power to
compensate the effects of the load disturbances. Griindling
et al [5], [6], introduce a robust model reference adaptive
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controller (RMRAC) applied for  single-phase

uninterrupted power supplies, that even operating at low L Fg Vi
switching frequencies it presents results with good _L 1RL

transient response. In this paper it is investigated the c 34
application of these controller for a three-phase structure. Lo Re [ Cr L Vs

The three-phase system model is obtained using a L s Load
synchronous transformation in dq coordinates. Then, a Li Ef TCrlce ¥p
RMRAC controller is designed to guarantee robustness and i

good performance. Simulation and experimental results are Fig. 1. Three-phase PWM inverter system.



In (2.2), the load currentsii and k. depend of the
configuration and balancing condition of the load. The

resistive load is connected in wye (Y) configuration as fri, E'Fmr, Yimy:
shown in the Fig. 2a. The load currengsand k., in the fa 100D 1 ¥, e
Fig. 2a, are given by: _'Wm(g) 010 1 T Ym g’
rt—E—r noil Ymt T

- 2Vgs , Vst . VRrs | Vst : :
lRL=——t—, g, =m—+—. 2.3 : :

RL 3R 3R SL 3R 3R ( ) o T T T e e '

When the load is connected in delf§ €onfiguration, as
shown in the Fig. 2b, the load currentsand k_become:

LR V%
. 2V \Y, . Y Y —
IRL = RRS +_;T st :‘—;S +—FS: : (2.4) T s PWM Aly Tnverter| | Plant | %
. _ kit | o, !
The inverter switches 1§ are turned on and off once
every sampling interval T, so that the line to line invertel
voltages, v, Vvw and Wy, are pulses with amplitude E,
0 and —-E. These inverter output PWM voltages genera
the output system voltagesgy Vst and Vg, T
lll. CLOSED-LOOPSYSTEM STRUCTURE
The three-phase reference model outputs, Yms and
Ymt, are converted in dq coordinatesyq and yng, by a T Fig. 4. Block diagram of a three-phase UPS system with
synchronous transformation, given in (3.1). In this point is RMRAC controller.
interesting to note that,y and ¥4 are independent
orthogonal variables gcos@t) Cos@t_zn) cos(oot+2r[) g
Such as shown in the Fig. 4, the control lawand y 0 3 3 0
and the tracking errorg eand g are computed separately T =2 - sin(wt) —sin(oot—zn) - sin(wt +3,-[)D (3.1)
for each axigl andq, respectively, using a single RMRAC 30 3 3 0
controller for each axis. o1 1 1 O
H 2 2 2 H
O O
O cosgt) —-sint) 10
4 2 . 2 U
T =[Eost—-=m -sint-—=1) 10 (3.2)
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Using the T transformation, the load measured voltages
variables, V, Vs and V\f are converted in orthogonal output
voltage variables, ¥and \j. The system output errorsy e
and g, are obtained through a comparison of these
variables with that ones from the reference modgl.and
Ymg. respectively. From these errors, the RMRAC
algorithm computes separately the orthogonal control
variables, W and 4. Then, the three-phase control
variables, y u, and y, obtained by the Ttransformation,

VEs
are converted in PWM signalAT,, AT, andAT,. Then,
E E the PWM inverter generates the LC filter input voltages,
] V., Vy and \, respectively
1SL K
» Ay
'I;';I' .
T 11:1“ ] IV. RMRAC CONTROLLERSTRUCTURE
®) Consider a single-input single-output plant (SISO) as

Fig. 2. Load configuration: (a) wye -Y and (b) del@ - presented in Fig. 5.



Reference odel The plant input is taken as

g EACE NG pun (k)= 07 (KJolk) + i (k) + corlk)

Farametric Adaptation u, (k) =C el(k +1- n)+ C, Z el(k +1-i n)

r =1
] H=|:[—t’EP:ﬁ—t’E|ﬁP; - I
X where  07(K)=[0] (K),03(k), 8500 is a (@-1)
T— dimensional vector of control parameterss(t)c is a
v scalar gain, ©'(k)=|o](k),0}(K),y(k)|. Besides,
eK)=yn(K-y(K), ¢ and ¢ are constants of the
repetitive controller and n are the number of samples per
’_. cycle of the reference voltage. The repetitive controller is
implemented in the3 frame. Thus, the repetitive control

law w, is converted to dq axis using the T synchronous
transformation..

(4.5)

6 Plant

Control Law |2 Gn(z)[1+mm(zj] b (2) |
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Fig. 5. RMRAC — UPS

y =G(z)u

4.1
y= [Go(Z)[1+HAm(Z)]+HAa(Z)] u (4.1) V. PARAMETER ADAPTATION ALGORITHM
. There are a number of well-known parameter estimation
with : . .
techniques which have been successfully applied to
. Ze(@ identification problems. In these scheme is considered a
Go(2) =kp Ro(2) (4.2) recursive least-squares (RLS) modified algorithm:

where G(z) is the transfer function of the plarg(zpis the _ ts€1(K)P(K)Z(K)
strictly proper transfer function of the modeled part of the ok +1) = (1 - tsoP(k)olk)- m(K) ®-1)

plant, HIAL(z) and pIA,(z) are additive and
multiplicative perturbations, respectively.o(2) and R(z) P(k +1) = L+ tAFA)P(K) -+

are monic polynomials with degreeand n, respectively. N2 (02T (OP(K P2(K
Concerning the modeled part of the plani(zp the i ( )Z(m)ik)( PO 2 R(z )@ (5-2)
following assumptions are made:
S1. Zyz) is a monic Hurwitz polynomial of degree
m(<n-l). whereP =PT s so that
S2. Ry(z) is a monic polynomial of degree
S3. The sign of k and the values ofiandn are known. 0<P(0)<AR?l , p?< k“HZ , (5.3)
Concerning the unmodeled plant part is assumed that: (k) =1+ al[m(k)]z 2(k) = W, (2)1 k) '
= , =W, ,
S4. A, (2) is a strictly proper stable transfer function.
S5 A, (z) is a stable transfer function. m(k +1) = (1-tdy)m(k) +ts51qu(k)|+|y(k)|+1),
S6. A lower boundp, > O for which the poles of 0) > 3, 5 %1 (5.4)
A, (z-p) and A, (z-p) are stable are known. © &
The control objective is: Given the reference model where a;, 8, &, A, i and R are positive constants
Y =Wo(2)E = (K, /Do @)X 4.3) and 9, satisfiesdg + 9, < min[po,qo], do 007 is such

that the poles of Wz-0p) and the eigenvalues & + gl

where Dn(z) is a Hurwitz polynomial of degre® = n - m tabl : iti t > & defined
and r(t) is uniformly bounded, design a adaptive controllef?Ire stable andp, is a positive constaniy etine

so that for somel > 0 and anyt O [0,u”) the resulting N Séand ain (5.1) is given by

closed-loop plant is stable and the output p}at!lacks the 0o if "9" <M,

reference model outputn as closely as possible for all O ||9||

perturbationsf, (z) and A, (z) satisfying S4- S6. o= Epo H__lﬂif Mg < ||9|| <2M, (5.5)

As in [ 6] the inpuu and the outpwy, in the discrete O HMO H

time domain, are used to generatel dimensional Ho it |g]=2m,

auxiliary vectors, so that
w1(k) =(zl - F)‘lq u(k) (4.4) where M, > ||GD|| and gg > 2H2/R2 0 0% are design
0o(k) =(zl - Tay(k ' parameters. The modified error in (5.1) is defined in [6

qy

where F is a matrix stable and (F,q) is a controllable pair. and is given by



ex(k) =ey(k)+ 0" (K)Z (k) — Win(z2) 07 (k)eo(k) — Win(z)u (k)

or

e1(k) = @" ()2 (k) + pn(k) (5.6)

The recursive least-squares (RLS) used as the parame'15 I

adaptation algorithm has fast convergence if compare ,
with others algorithms.
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VI. RESULTS

In order to verify the analysis and to demonstrate th*"|

performance of the proposed RMRAC controller (Fig. 5).

both simulation and experimental results have been carri¢**s

out. Table | presents the parameters of the referencc
model, three-phase PWM inverter, LC filter and load, used
to in the simulation and experimental results. The,,
repetitive controller gains;cand ¢ used in simulations

results are 0.05 and 0.02, respectively. And gains of tt |

1o |

[

0.0 o.02 0.0z 0.04 0.08 0.00 0.1

Tirne {s)

Fig. 6. Output and reference model voltages in thechaisdq.

prototype have been 0.25 and 0.05, respectively.

TABLE |

REFERENCEMODEL, 39 PWM INVERTER, LC FLTER
AND LOAD PARAMETERS

Reference | ¢ filter inductance Lm=10 mH
Model LC filter capacitance Cm= 60pF
Parameters | j5q R.,= 120
LC filter inductance L=5.4mH
LC filter capacitance Ci = 75uF
Inductors resistance R =0.1Q
System Load R=170Q
Parameters Vphase= 30V,
Reference voltage Vine = 50V,
f = 60Hz
Output rectifier capacitor  C,.= 33QUF
DC inverter power supply E= 55V
Sampling interval = 1/1800 s

A. Simulation Results

The simulation purposes

before its implementation by a prototype.

The reference model parameters, in Table I, produces

the following reference model plant:

_0.1940z+0.1495
Wm (Z) - 2
z°-1.1187z+0.4623

To demonstrate the effectiveness of the proposed
scheme the same one was applied to control the inverter of
the Fig. 1 with a delta’() connected load, such as in Fig.

is to verify the control
approach, as well to design the controller parameters and
to study the controller static and dynamic performance

20

-20

-40

-G0
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Time {s)

Fig. 7. Line-line output voltages with a step in the reference.

B. Experimental Results

In the prototype implementation has been used a system
as in Fig. 1 with the parameters shown in Table I. Firstly, a
linear three-phase load has been connected in wye (Y), as
illustrated in Fig. 2a. A three-phase full-bridge rectifier
with a C output capacitor filter is used as the non-linear
load, see Fig. 8.

T
3¢°E_ C'%:Rﬁi
K & &

Fig. 8. Three-phase full-bridge rectifier with C output filter
capacitor and resistive R load

2b. The regulation capability is verified with a 15V to 30V Fig. 9. shows the system response for a linear load. The
step in the three-phase reference voltages as shaiie to line output voltages along with the line current are

simulation results in Fig. 6 and Fig. 7.

presented.



Fig. 9. Line-line output voltages (20 V/div) and line current
(2 A/div) with three-phase linear load.

In the Fig. 12 is shown the spectral analysis of the line to
line voltages presented in the Fig. 11. The total harmonic
distortion (THD) obtained in each line to line voltage is:

THD,, =2.604%

Apectral Analysis
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Fig. 12. Line-line output voltages spectral analysis for a
linear plus a non linear load.

In the Fig. 10 is shown the spectral analysis of the line to )
line output voltages presented in the Fig. 9. The maximum The output voltage waveforms for the system with only
total harmonic distortion (THD) obtained in each line tod non-linear load is presented in Fig. 13.

line voltage is:
THDy, ~=1343%

Spectral Analysis
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Fig. 12. Line-line output voltages spectral analysis to linear load.

The system response for a linear load plus a non-linee

load is presented in the Fig. 11. Again, the line to line Fig. 13. Line-line output voltages (20 V/div) and line current

output voltages and one line current are presented.

Fig. 11. Line-line output voltages (20 V/div) and line current (2 A/div)
with three-phase linear load plus a three-phase rectifier.

(2 A/div) with three-phase rectifier load.

It is observed in the voltage waveforms that some noise
is present in only two of them and is not present in
triggered voltage. This noise appears in these voltage
waveforms due to the acquisition mode of the used
oscilloscope.

The simulation and experimental results demonstrate the
effectiveness of the proposed scheme to control the three-
phase UPS system.

VIII. C ONCLUSIONS

This work describes a robust model reference adaptive
controller (RMRAC) applied to three-phase uninterruptible
power supplies (UPS’s). The control laws are calculated
separately using the RMRAC algorithm, which has been
described in the section IV. A repetitive control law is
incorporated to improve the tracking capability with cyclic
loads. Simulation and experimental results demonstrate the



effectiveness of the proposed control scheme. Moreover,
this scheme can be designed for a reduced order plant,
without thea priori knowledge of exact model of the plant
and the PWM inverter system. These type of controller
(RMRAC) and PWM inverter system is particularly
applicable to high power AC systems which require high
performance.
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