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ABSTRACT - In this paper, an effective control
scheme of a single phase UPS inverter is proposed to
have no steady state error of the output voltage and
the fast response for the load request. The cosine wave
tranfer function is proposed to control the output volt-
age. This controller clearly removes errors of magnitude
and phase both in the steady state. On the other hand,
a current controller is proposed to reduce the transient
time of the voltage control and to improve the bad dis-
torted factor of the output voltage waveform by the load
fluctuation and the presences of nonlinear parameters in
the plant. The current controller is designed parallel to
the voltage controller and performs separately from it.

1.INTRODUCTION

It is normally hard for the UPS system to supply pure
sinusoidal ac voltage when its loads are mostly nonlin-
ear like a rectifier which has a high crust factor in its
current. Because the UPS is not a ideal voltage source,
that is, has an inner impedance, the voltage get to be
cut down at the instant that the load current increases
highly. This is harmful for some loads. The diminished
voltage makes supplying low power to the loads, which
results in their malfunction. Nowadays, a AVR(Auto
Voltage Regulator) is used for those sensitive loads, but
using both of the UPS and the AVR is not good way eco-
nomically. On the other hand, A special load can take
some surge in its voltage and current by sudden increas-
ing or decreasing of load in another line connected with
the same system. It is cansed that the UPS system does
not supply necessary power fast and sufficiently at the
instant of load change.

In order to get the fast dynamic response of the output
voltage of the UPS, the instantaneous control scheme
has been used, which gives much faster voltage control
then the average value control scheme. But, by itself
only, the instantaneous voltage control has not satisfied
for the fastness of the control against load fluctuations.
Because, the controller can not take notice of the load
fluctuation without sufficient error of the output volt-
age. There have been lots of trial to solve the problem
by current feedback control. Those control scheme, in
some applications have a double control loop which is
made with an inner current loop and an outer voltage
loop. The double loop controller is usually designed

Proceedings ICPE '98, Seoul

Jongha LEE, Jacho CHOI
School of EEE, Chungbuk Natl. Unt,,
Cheong-Ju,Chungbuk, ROK

including PI controllers for voltage and current regu-
lation, which yields steady state errors in the outputs.
In spite of the presence of the inner current error, the
outer voltage regulator is designed as if the inner cur-
rent control is perfectly achieved. This means that the
voltage controller get still the limitation of the precision
of the control even though it has taken one more step
for the speed of the control. In this paper, a (co)sine
wave tranfer function is proposed to control the out-
put voltage. This controller clearly removes errors of
magnitude and phase both in the steady state. On the
other hand, a current controller is proposed to reduce
the transient time of the voltage control and to improve
the bad distorted factor of the output voltage waveform
by the load fluctuation and the presences of nonlinear
parameters in the plant. The current controller is de-
signed parallel to the voltage controller and performs
separately from it.

2.THE SYSTEM MODELLING

Fig.1 UPS inverter circuit

Fig.1 shows the single phase UPS inverter circuit. The
inverter transforms the DC linked voltage to PWM
waves, which are expressed as v;. The LC filter trans-
fers v, which has been refined as a fundamental 60Hz
sinusoidal wave to the load. The R in the figure is an
equivalent series resistor in the inductor of the filter.
The system in the figure is expressed as following equa-
tions.

i = 'R‘““‘_iﬁ(vi_'uo) (1)
v = —clis—i) @)
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Fig.2 shows the block diagram drawn from above equa-
tion.

k
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Fig.2 Plant block diagram of UPS Inverter.

Let the output signal from a voltage controller is v},
which is the modulation wave of the IGBT inverter
which makes the PWM waves v;. Even though v; in-
cludes harmonics derived from switching, but most har-
monics are filtered and the fundamental frequency is
only our interest, so we will let the v; be same with v}.

3.VOLTAGE CONTROLLER

The references of the output voltage v} is given as the
following equation.

Vo™ = Vo sin(wt) (3)

On the other hand, the transfer function of the v, /v; is
the following and fig.3 is its Bode plots.

Vo 1
v;  LCs*+RCs+1 (4)

Bode Diagrams

Phase (deg); Magniduds (38}

Froquency (rad/sec)

Fig.3 The bode plot of the plant.
(R =0.02, L = 0.0012H, ¢ = 0.0004F)

PI voltage controller

If we have put our desired reference as the input signal
v;, the output voltage would appear with some errors
of a magnitude and a phase against the reference by
the equ.4. v, = v} — v, expresses the error, in order to
reduce it, generally negative feedback control technique
with PI controller can be used. The input signal of the
PI controller can be expressed as the following.

Eps 4 k;
* _ vp 1Ue
s

(5)

Vi

According to equ.4 and 5, the transfer function of v, /v}
is derived as the following.

Vo _ kps + ks (6)
v,*  LOs3+ RCs?+ (ky 4+ 1)s+ k;

The above transfer function indicates that the controller
gain should be as large as possible to minimize the out-
put voltage error. However, the greater the gain is, the
more sensitive and the more unstable the system must
be. Since some unknown parameters, moreover, can ex-
ist in the system, the controller’s gain is to be up to
experiment to be set.

Anyhow, any selected controller’s gain is not satisfies to
get rid of the output voltage error. Let’s keep in mind
that the output voltage error can not but exist always
according to R, L, and C, even though the controller’s
gain is selected as optimum,

Steady state error

If a negative feedback controller is Ty;,, and a plant is
P, the transfer function of an output y against an input
r is the following

Yy Tsin.P
A 7
r 1 + TsinP ( )
,where
ksw
Tsin = —
52 4 w?

The above equation would be transformed into the fol-
lowing.
kywP
y____ fsl (8)

r 824 w?+ k,wP

If the reference r is expressed as a sine function with
an angle velocity w, we can exchange s with jw. Then
we can notice that the equ. 8 is 1. This means that
the steady state error of the fundamental output with
w is zero. This controller is very useful in UPS inverter
because of the CVCF(Constant Voltage and Constant
Frequency) of the output voltage. This controller is
called ‘sine wave transfer function (controller)’, because
the controller T;, forms itself into Laplas transform of
sinwt. ‘Cosine wave transfer function’ T,,, is available
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in the same case. Selection is depend on the -plant ap-
plied so that the system is to be more stable.

Let’s the voltage controller is the following equation

V" =Teos(Vo"™ — Vo) + V0" (9)
,where
kes
Toos = oy

From the above equation, the transfer function of the
output voltage against the reference voltage is given as
following.

Vo 52 + kys +w? (10)
v (LCS4+R053+(1+LCw2)32+---)
° (RCwW3+k.)s+uw?

The bode diagram of the proposed voltage controller
with cosine wave transfer function is shown in Fig.4.
Knowing in the figure, the magnitude is 0dB and the
phase is 0 degree at frequency = 60Hz(w = 377).

Affect of the resonance_of the LC filter

Showing in Fig.3, the plant of the LC filter has a res-
onance at w = 1/v/LC. An affect from that appears
like an oscillation of the output voltage at the instant
of load sudden change.

The gain of the transfer function of the plant at the
resonant frequency is given like the following,

=Lt

- (11)

It can be minimized by increasing R, which is a coeffi-
cient of s of the system. In order to change the coeffi-
cient of s, a feedback loop can be inserted additively in
the voltage control loop.

’Uf =

’Ui* =

Teos(Ve™ = Vg) + 0™ + ko5

Tcos(vo* - UO) + UD* + kr'ic (12)

With the feedback gain k, the transfer function of v, /v}
is the following.

vo §2 4+ kss + w? 13
o (LCs4+(RC+k)s3+(1+LOu2)52+---) (13)
° H{RC+k)w? +k,]s+w?

In the case of that the &, is set with 0.5, the gain plot
of the transfer function is like fig.4.

Bode Diagrams

Phase {deg); Magnitude {dB)

Fragquency {rad/sac)

Fig.4 Bode plot of the system with the proposed
voltage controller.

4.CURRENT CONTROLLER

In practical case, there are some nonlinear parameters
in the plant, which make the THD of the output volt-
age much higher than in the case of simulation. For
the improvement of the output voltage wave form, in
this paper, a current controller is inserted parallel with
the voltage controller. The current controller would re-
duce the effect from load fluctuation which disturbs the
capacitor current. Furthermore It is really helpful to
reduce the transient time of the voltage control. The
capacitor reference is the following.

i" = wCV,, cos(wt) (14)
From fig.2 the capacitor current is expressed as the fol-
lowing.

. 1 ,
'Lc—(Ls_‘_R)(Uz_%)_Zo (15)
The proposed current controller is the following.
v = kp(ic™ —tc) + Vo (16)

Ignoring the load current i,, the transfer function is de-
rived as the following from equ. 15 and 16.

ik 1
1" BR+ky 1s+1

(17)

T in the equation is -R—i’Tp. This equation give the de-
cision of the gain k, for the current controller. We get
0.2ms for the 7 in this paper.

5.THE PROPOSED CONTROLLER
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The proposed controller is expressed as the following
equation.

'Ui* = Tcos (Uu* - Uo) +’Uo* +kric +kp(ic* _ic) +'Uo (18)

The control block diagram is shown in fig.5.

Fig.5 The proposed control block diagram.

6.SIMULATION AND
EXPERIMENTAL RESULTS

Simulation results are shown in fig 6. In the figure, (a)
and (b) are in the case under register load. The load is
changed so rough at ¢ = 0.27 when the output voltage is
on top of the wave. The output voltage error v, fluctu-
ates little and disappears soon. The fluctuation height
is in 5% of the output voltage and the recovery time is
in 2ms. (b) shows the process to the steady state. (c)
and (d) are in the case under a rectifier load. The out-
put voltage is almost zero under the current with very
high crust factor. The sinusoidal wave transfer makes
the output voltage unite together with its reference at
the steady state.

The fig 7 and fig 8 show the experimental results. In
fig 7.(a), the output voltage looks so stiff in spite of the
sudden load change. (b) demonstrates that the steady
state error of the output voltage is getting almost zero
by the proposed controller. The fig 8.(a) shows the out-
put voltage and current waveform under a rectifier load.
(b) and (c) is the spectrum analysis of the output volt-
age under a rectifier load.

7.CONCLUSTION

This paper proposed a voltage controller with a current
controller paralleled with for single phase UPS inverter
to remove steady state error, have short recovery time
under the sudden load change, and get pure sinusoidal
output voltage under the nonlinear load.
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Fig.6 Simulation results : (a) shows the output voltage
and the current waveform under a resistor load change.
(b) shows the waveform of the output voltage and the
steady state error under a resistor load. (c) is the wave-
form of the output voltage and the output current under
a rectifier load. (d) shows the waveform of the output
voltage and the steady state error under a rectifier load.
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Fig.7 Experimental results : (a) shows the output
voltage and the current waveform under a resistor
load change(50V/div, 14A/div). (b) shows the wave-
form of the output voltage and the steady state er-
ror(50V /div,50V /div).
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Fig.8 Experimental results : (a) is the waveform of the
output voltage and the output current with a rectifier
load.(B) and (c) are the result of the spectrum analysis
of UPS system with a rectifier load
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