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Abdroct- This paper investigates t h e  performance of mul- 
tiple feedback loop control strategy for single-phase voltage- 
source UPS inverter with a n  L-C fllter. In order t o  select 
appropriate feedback variables and amsew the  stability of 
t h e  c l d  loop operation of t h e  overall system, t h e  power 
circuit (inverter and fllter plus load) incremental dynamics 
is investigated using t h e  state-space averaging technique 
and root locus method. T h e  results of t h e  stability anal- 
ysis show that  a control scheme which employs the  filter 
capacitor current in a n  inner feedback loop and the  load 
voltage in an outer voltage control loop results in success- 
ful operation of t h e  UPS system. Computer simulation 
results of a single-phase voltage-source half-bridge UPS in- 
verter with a second order filter and ILL load is presented 
to  demonstrate the performance of t h e  proposed control 
scheme. Experimental verification of a laboratory model 
of the  UPS system is also provided for both linear and non- 
linear loads so (UI t o  verify t h e  predicted performance of 
the  system. It is shown tha t  the control scheme offers im- 
proved performance measures over existing schemes. It is 
simple to  implement and capable of producing nearly per- 
fect sinusoidal load voltage waveform at moderate switch- 
ing frequency and reasonable size of Alter parameters. Fur- 
thermore, the  scheme has fast dynamic response and high 
voltage utilisation of t h e  DC source. 

I .  INTRODUCTION 

Uninterruptible Power Supplies (UPS) are used to in- 
terface critical loads such as computers and communica- 
tion systems to the utility system. The output voltage of 
the UPS inverter is required to be siiiusoidal with mini- 
mum total harmonic distortion. This is usually achieved 
by employing a combination of pulse width modulation 
scheme and a second order filter a t  the output of the in- 
ver ter. 

One way of achieving a “clean” sinusoidal load volt- 
age is by using a sine pulse width modulation (SPWM) 
scheme [l]. In this technique, the load voltage is com- 
pared with a reference sinusoidal voltage waveform and 
the difference in amplitude is used to control the modu- 
lating signal in the control circuit of the power inverter. 
A more advanced technique employs a programmed opti- 
mum PWM scheme which is based on the harmonic elim- 
ination technique [l]. These schemes have been shown to 
perform well with linear loads. However, with non-linear 
loads the PWM scheme does not guarantee low distortion 
0-7803-1859-5/94/$4.00 ’ 1994 IEEE 

at  the load voltage. 
To overcome thia drawback, a real-time feedback con- 

trol scheme using dead-beat control was propoeed. This 
technique employs the capacitor voltage and its deriva- 
tive in a control algorithm to calculate the duration of 
the ON/OFF states of the inverter switching devices such 
that the capacitor voltage is exactly equal to the reference 
voltage a t  the next sampling instance. Although this tech- 
nique has been successfully implemented for single- and 
three-phase applications, it has the following drawbacks: 
1) it is complex to implement; 2) it is sensitive to parame- 
ter variations; 3) its control algorithm requires estimation 
of the load parameters [2]. 

In order to  achieve a control scheme which overcomes 
the above disadvantages, a current regulated control 
scheme for DC/AC applications waa proposed in [3]. In 
this technique, the current in the filter capacitor is used 
as the feedback variable in a two-switch inverter circuit 
topology to achieve a sinusoidal capacitor current. An 
outer voltage control loop is also incorporated for load 
voltage regulation and compensation for imperfections in 
the implementation of the current control loop. 

Although the technique results in a sinusoidal capacitor 
current, the power circuit configuration and the switch- 
ing scheme used to implement the technique produce a 
load voltage which is sinusoidal with DC offset. For UPS 
applications, the presence of the DC voltage offset is un- 
acceptable. 

This paper investigates the .suitability of a 
current-regulated voltage-controlled strategy for a single- 
phase voltage-source half-bridge inverter with a second 
order filter. The scheme incorporates an inner capaci- 
tor current loop, an outer capacitor voltage loop, afixed 
switching frequency and variable duty cycle approach to  
produce sinusoidal output voltage with minimum har- 
monic distortion. The fixed switching frequency approach 
produces a defined frequency spectrum at the inverter 
output which makes it easier to design an electromagnetic 
interference filter to prevent interference with communica- 
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tion circuits. The proposed scheme has been successfully 
implemented for a single-phase utility interface system [4]. 

The paper is organized aa follows. Section I1 provides 
the steady-state performance of the UPS system under 
open loop control. A procedure for selecting appropriate 
feedback variables that result in a stable operation of the 
closed loop system is provided in section 111. Section IV 
presents the control block of the proposed control strat- 
egy, its principle of operation, computer simulation, and 
experimental verification. Finally, conclusions are drawn 
in section V. 

11. ANALYTICAL MODEL OF THE OPEN LOOP SYSTEM 

Figure 1 shows the circuit diagram of the single-phase 
half-bridge voltage-source UPS inverter. I t  consists of 
load filter (LJ  and CJ) and an R-L load. The system 
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Figure 1: The single-phase half-bridge UPS inverter 

differential equations can be written in state-space form 
as: 

c c  
dt 

J 
Where S; = 1 when SI is ON and 5'; = 0 when Si is OFF. 

Steady-Stale Performance 
Equation (1) is discontinuous due to the presence of the 
switching function Si. One way of studying the system 

performance and characterizing its behavior is to solve 
Eq. (1) numerically and simulate the system behavior at  
various operating points and system parameters. This 
method hae the disadvantage of being computationally 
intensive. 
On the other hand, an averaged-time continuous model 

of the UPS system can be obtained for Eq. (1) by as- 
suming that the inverter switching frequency, f,, is much 
higher than the frequency of the modulating signal, um(t).  
Thus the discontinuous switching function Sy is replaced 
by ita average value, d l ( t ) ,  as 

where 

For a modulating signal given by 

is the amplitude of the carrier waveform 

um(t) = Vm sin(w,t), (3) 

the system statespace averaged continuous equation can 
be obtained by substituting the discontinuous switching 
function, Si, in Q. (1) by its average value in Eqs. (2) 
and (3). The resultant system equation is obtained as 

where M is the modulation index and is given by 

(5) 

The first row of Eq. (4) indicates that the averaging pro- 
cess replaces the effect of the inverter switching nature 
with a controllable sinusoidal voltage source of magni- 
tude M Vdc. It should be noted that Eq. (4) is valid only 
through the linear range of operation, i.e. M 5 1.0. 

Assuming that the resistance associated with the fil- 
ter inductor is negligibly small, the equivalent circuit of 
the averaged UPS system is as shown in Fig.2. The sys- 
tem steady-state variables are obtained from Fig.2 'using 
phasor analysis as follows: 
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Figure 2: Equivalent circuit of the averaged UPS system 

and, 
- . E  

2, 
I /  = - (9 )  

where 

d is the phasor representation of the mod- 
ulating signal M sin(w,t) 

are the steady-state variables of the in- 
verter output current, capacitor voltage 
and current, and load current respec- 
tively, 

8, q,, E, 8 

I 

Equations (6) through (11) give the system steady-state 
variables in terms of the load parameters and filter com- 
ponents. 

111. STABILITY ANALYSIS OF THE UPS SYSTEM 

In order to successfully close the control loop on the c% 
pacitor voltage and make i t  follow a sinusoidal waveform, 
the incremental dynamics of the power circuit is studied 
first. Assuming that the variation in the duty cycle is 
slower than the bandwidth of the control loop, the effect 
of incremental changes in the duty cycle on the power 
circuit variables can be studied in a quasi static manner 
[5]. This is carried out using the state-space averaging 
technique, [6], and root locus method. 

The equations describing the incremental dynamics of 
the power circuit are obtained as: 

where 6,, I,, d  ̂ indicate. incremental changee in the ca- 
pacitor voltage, current, and the duty cycle respectively. 

Figure 3 shows the root locus of the incremental depen- 
dence of the capacitor voltage and current due to incre- 
mental changes in the duty cycle. Figure 3.a shows that 
for a simple feedback of the capacitor voltage, the control 
system exhibits oscillatory behavior in the capacitor volt- 
age. Such behavior ia unacceptable for UPS operations. 
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Fig. 3: Root Locus of the power circuit incremental 
dynamics 
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The root locus for a simple feedback operation of the 
capacitor current (Fig. 3.b) shows that a feedback con- 
trol involving the capacitor current results in moving the 
system poles further to the left of the Splane. Thus, a 
stable operation of the control eystem can be achieved. 
Therefore, the capacitor current is chosen aa the feedback 
variable of the closed loop system. 

Although choosing the capacitor current as the feed- 
back variable results in a stable operation of the closed 
loop UPS and ensures sinusoidal capacitor current, it does 
not guarantee sinusoidal capacitor (load) voltage, espe- 
cially when the inverter output voltage is non-sinusoidal. 
Therefore, in order to achieve sinusoidal capacitor voltage 
and current, an outer capacitor voltage feedback loop is 
also used. 

IV. THE PROPOSED UPS CONTROL SYSTEM 

A .  General Features 

The resultant configuration of the proposed control scheme 
offers many advantages for UPS system applications. The 
inner current loop provides an inherent peak current limit 
in the power circuit. In addition, since the capacitor cur- 
rent represents the rate of change of the load voltage, 
the control scheme is capable of predicting and correct- 
ing variations in the load voltage, and thus providing a 
fast dynamic response. Furthermore, the outer voltage 
loop regulates the load voltage and ensures that the load 
voltage is sinusoidal within the acceptable THD. 

Figure 4 shows the UPS system with an inner current 
loop and an outer voltage loop. The capacitor voltage 
variable is obtained in the control circuit by integrating 
the actual capacitor current . The error signal e c ( t )  is ob- 
tained from successive comparison of the capacitor volt- 
age and current with their respective reference signals. 
The inverter switching pattern is then obtained from a 
comparison of e,( t )  and a fixed frequency triangular wave- 
form. The resultant switching pattern, which has a fixed 
switching frequency with variable duty cycle, produces a 
sinusoidal load voltage with very low harmonic content. 

B. Computer Simulation 

The UPS system is simulated to obtain the capacitor volt- 
age and current waveforms. Closed-form solutions (of 
Eq. (1)) of the power circuit variables, namely; the in- 
verter output current, i i ( t ) ,  the capacitor voltage, uc( t ) ,  
and current, ic(t), and load current, i , ( t )  within a switch- 
ing interval (ON/OFF) were obtained using a symbolic 
computation package MAPLE V [7]. The closed-form so- 

- 

Fig 4: The proposed control scheme of the single-phase 
UPS inverter 

lution and the control algorithm were employed to obtain 
the switching instants of the inverter switches. 

The following system parameters were used; 
L, = 5.0 mH, Cj =180.0 pF, 
kpc = 1 .O ICp, =5.0, f,=3.2 kHz, 
Vd,=60.0 V ,  

Equations ( 6 )  to (11) were used to obtain the desired 
steady-state variables (reference waveforms). The modu- 
lation index was determined from (7) such that a voltage 
gain of 92.0% of the input DC voltage, Vde, was achieved. 

The capacitor voltage and current waveforms in the 
proposed UPS system are shown in Figs. 5.a and 5.b. 
Figure 5.a shows that the capacitor (load) voltage is nearly 
perfect sinusoidal waveform after a quarter cycle from 
“cold” start of the power circuit. The figure also shows 
that the proposed control scheme has high voltage gain 
(92% of vac). The filter capacitor works as a trap for 
higher order harmonics (Fig. 5.b) and produces a nearly 
perfect sinusoidal waveform at the load voltage with min- 
imum steady-state error. 

C. Experimenial Results 

A prototype experimental module of the proposed UPS 
(Fig. 4) was built to verify the operation of the control 
strategy. Both the actual capacitor voltage and current 
in the power circuit were sensed, filtered and used as the 

21=10.0 Q at 0.8 pf lagging. 
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Fig 5: Computer simulation of the capacitor volt- 
age and current waveforms of the proposed UPS 
system: a) Capacitor voltage and b) Capacitor 
current (dashed line: reference waveform, 
solid line : simulated waveform) 

control variables. The experimental results were obtained 
for the same system parameters as the computer simula- 
tion results. 

Fig. 6 shows the transient response from “cold” start 
to full load of the proposed UPS system. The upper trace 
shows the capacitor voltage and the lower trace shows the 
capacitor current. The capacitor current was recorded by 
observing the voltage drop across a current shunt of 10.0 
m 0  resistance. The figure shows that the system takes 
about a quarter cycle to reach the steady-state values of 
the capacitor voltage and current. Figures 5 and 6 show 
that the simulation and experimental results are in good 
agreement. The steady-state load voltage and current 
waveforms of the UPS system are depicted in Fig. 7. 
The figure shows that the control strategy is capable of 

producing a nearly perfect sinusoidal load voltage at  mod- 
erate switching frequency. Figure 8 shows the frequency 
spectrum of the capacitor (load) voltage. The capacitor 
voltage has a THD of 2%. 

Figure 9 shows the dynamic response of the UPS system 
for 100 % step change in the load from no-load to full- 
load. The figure shows that the system exhibits very fast 
dynamic response with excellent load voltage regulation 
from no-load to full-load, and with very little change in 
the load voltage at the point of applying the full load, 
indicating that the control scheme ensures a ‘stiff’ load 
volt age. 

The system performance with non-linear loads is shown 
in Figs. 10 and 11. The non-linear load was chosen as a 
full-bridge rectifier feeding a resistive load of 10 R (Fig.10) 
, and R-L load, R=20.0 0 and L=16.0 mH, (Fig. 11). 
The load current was recorded by observing the voltage 
drop across the load resistance using & attenuation os- 
cilloscope probe. 

Figures 7 to 11 show that the proposed control scheme 
is capable of supplying both linear and non-linear loads 
with excellent voltage regulation and minimum distortion 
in the load voltage. 

VERT 

50V 5 0 m V  1 O m s  

Fig. 6: Experimental results of the transient re- 
sponse of the proposed UPS system: Upper trace: 
capacitor voltage, Lower trace: capacitor current. 
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Fig. 7: Experimental results of the steady-state 
response of the proposed UPS system: Upper 
trace: capacitor voltage, Lower trace: capacitor 
current. 
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Fig. 8: Frequency spectrum of experimental re- 
sults of the steady-state capacitor voltage. 

VI. CONCLUSIONS 

A multiple feedback loop control strategy for single-phase 
voltage-source UPS system has been described in the pa- 
per. The system performance under open-loop control 
strategy was first studied to obtain the steady state per- 
formance of the UPS system. The power circuit incremen- 
tal dynamics was then investigated to assess the system 
stability and select appropriate feedback variables in the 

5ov 5 0 m V  5 m s  

Fig. 9: Experimental results of the dynamic re- 
sponse of the proposed UPS system for a 100 % 
step change in the load: Upper trace: capacitor 
voltage, Lower trace: capacitor current. 

50V 1v 5ms SAVE 

Fig. 10: Experimental results of the proposed 
UPS system feeding a full-bridge rectifier with 
a resistive load: Upper trace: capacitor voltage, 
Lower trace: load current. 

closed loop system. The stability analysis showed that 
a feedback control system with an inner capacitor cur- 
rent control loop and an outer capacitor voltage feedback 
loop results in a successful operation of the UPS system. 
The proposed control strategy offers many features which 
are attractive for UPS applications. In addition to the 
basic features of most feedback control systems, such as 
insensitivity to parameter variations and robustness, the 
scheme is capable of producing nearly perfect sinusoidal 
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Fig. 11: Experimental results of the proposed 
UPS system feeding a full-bridge rectifier with an 
R-L load: Upper trace: capacitor voltage, Lower 
trace: load current. 

load voltage at any load power factor with excellent load 
voltage regulation. The scheme also possesses very fast 
dynamic response and lends itself to both linear and non- 
linear load applications. 
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