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Abstract- High-performance high-frequency inverter systems for voltage source applications
such as UPS represent a demanding application that cannot be easily realized using
conventional PWM inverter modes. New confroller structures are necessary to cope with
stringent voltage regulation and distortion constraints in the presence of nonlinear loads. This
paper presents a simple but intelligent hysteresis controller. It utilizes all possible inverter
topologies in addition to feed-forward strategy to achicve low output ripple, minimum
switching frequency and excellent transient performance. These features were not available
until now. The results verifying the concepts, using pspice program for practical clectronic
control cirouit and power devices, are presented. Although this paper explains the
implementation of the 3-phase control and power circuits that can adapt itself in case of
nonlinear and unbalanced loads.

L INTRODUCTION

Many applications such as space/satellite stations, computer stand by power supplies and
aircraft on-board power distribution systems require high-quality ac power to be delivered at
high frequency. Such systems require harmonically pure sinusoidal output wave forms with
very low distortion specifications. These systems have to satisfy tight voltage regulation
constraints while supplying nonlinear loads [1],[2]. In order to meet harmonic specifications
even in the presence of nonlinear electronic loads, the inverter systems have o possess
excellent dynamic response characteristics. In addition, 3-phase inverter systems are required to
meet strict regulation and distortion constraints under sever load nnbalance, The realization of
such high-frequency inverter is a very demanding application, especially for systems requiring
high~-power densities.

The conventional approach to realize ligh frequency of inverter systems is through the usc of
a variable voltage inverter, where a front-end chopper is used to control the voltage. Such
gystems have slow dynamic performance. The use of the conventional sinusoidal pulse width
modulation voltage source mnverters can not adapt itself in the presence of nonlinear loads.
Regarding the inverter power circuit, for high frequency operations, the inverter design
becomes very critical and its efficiency falls due to the very high switching losses.

Resonance power conrversion technology offers many advantages in companson with PWM
one. Among them arc low switching losses and low reverse recovery losses due to soft
switching. However, most frequency-controfled resonant converters suffer from a wide range
of frequencies that is required to regulate output voltage against load and line variations. As a
remedy for these problems, several phase-controiled coustant operating frequency resonant
mverters have been proposed and analyzed [3),(4]. The advantages gained by using resonant
inverter schemes are achieved at the expense of higher number of resonant components and
high operating frequency.

Using suitable hysteresis modulator, self stabilized controlled inverter scheme can be obtaned.
The comventional hysteresis modulator switches the bridge to apply cither a positive voltage
pulses if the output voltage is less than the reference voltage and vice versa. This control
strategy produces high ripples and requires high frequency.

In this paper, the developed hysteresis controller with the hard switching inverter demands
lower frequency than the conventional control methods to have equivalent performance based
on output ripples.
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The presented control strategy is based on optimal choice of the inverter topology that suit the
instantaneous reference and output waves. This in turn reduces the inverter reactive switching
and subsequent reactive operations.

The paper describes the evolution of adaptive hysteresis modulator for single phase inverter.
The feed forward effects and output ripple are discussed. The performance evaluations are
given under different load conditions by using pspice practical schematic circuits. For 3-phase
operation, it {8 necessary to use inverter structures that dissotve the coupling between the
phases. The different topology and control strategy are explained.

1. CONVENTIONAL HY STERESIS MODULATION METHODS

The principle diagram is shown in Fig. 1. The input of the system is the reference wave that
has to be copied in the load by the inverter. The hysteresis tolerance band (H) governs the
inverter switching pattern in such a manner as to maintain the mean value of the load voltage at
the required value, The instantancous value of the output voltage obtained from the fast
response sensor is compared with the reference command. Whenever the sensed output signal
deviates from the reference by more than a prescribed value, the inverter is operated to reduce
the deviation. Thus the output wave is restricted to flow within a channel of width H that
follows the reference wave as shown in Fig. 1(b).
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Fig. 1. (a) Hysteresis controlled inverter scheme. (b) Operation principle.
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The deviation of output wave from the reference wave can be controlled by controlling the
hysteresis width H of the controller. The reduction of the width H causes higher number of
imverter switchings. For a given value of H, the frequencies of the harmonics remain at the
same level irrespective of the fundamental frequency. Here the pulse patterns that suit the load
and supply condition are gencrated automatically to control the final output through the
instantaneous voltage feedback loop. This type of control offers the great advantage of being
simple to set up because of its self adapting character, where it does not require PI- r
which normalty has infinite gain for DC only {6].

The gystem shown in Fig. 1(a) emplays a controlled output voltage. The combination of the
LC filter with the load is considered as the plant of a closed loop feedback system with a
sinusoidal reference. Considering the system output state variables Vout and its derivative in
case of resistive load, the state space equation that describes the system is:

I}out 0 1 Vout 0
. - ", + Vi 1)
Vout -1LC -1/RCJ! l Vout 1/L.C

The constants of equation (1) depend on the load and filter parameters. The load is statistically
variable, especially in nonlinear phase controlled loads, where DC components are required.
This is a variable structure plant.

Considering the inverter, the following pairs of devices may be conducting: T1 and T3, T2
and T4, D1 and D3, D2 and D4, T1 and D2, T2 and D1, T3 and D4, T4 and D3. Thus there
are three possible levels for the terminal voltage +E, 0, -E. The driving sequence for the power
devices depends on modulator strategy. Hence, the choice of the type of modulation explicitly
defines the controller structure.

A. Ripolar Modulator (BM)

In this mode the inverter power circuit impresses a closed current pass through the source in
either positive or negative direction.

The hysteresis controller shown in Fig. 1(a) develops the necessary driving signals to activate
cither of the two diagonal pairs T1-T3 and T2-T4 to apply 2 positive or negative voltage across
the inverter terminals.

The system input is the voltage which has to be copied in the load by the inverter. The output
voltage is sensed using a voltage divider with ratio Kp. The output voltage then rises or decay
at a rate deterrmined by source, load and filter parameters. The average output voltage is
controlled through the instantaneous voltage feedback loop.

Let us define the states that excite the comparator beside the reference input to be the control
signal. Normally, the control signal is composed only of the sensed output voltage signal
Kp.Vout

The control signal, the reference wave, and the hysteresis value H determine the switching
instants for the inverter in order to form a sinusoidal output wave. This structure enforces the
output voltage to be in the tube bounded by the two waves:

A\ H Va . H
—K:sm(w1)+—7- ,and —K:sm(wt)-—_;-

~ 4

Where Vm is the peak value of the reference wave.
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B. Unipolar Modulator

In this mode the inverter power circuit can be driven to impress a current pass either through
the source or through a free-wheeling way. To impress a positive voltage, transistors T1 and T3
should be driven. But to build a free-wheeling way far from the source, T2 should be driven
instead of T3. In this case the current is free to pass in any direction through T1, load and D2
or through T2, load and D1 according to inductance trapped energy, capacitor state and the
load.

The negative half cycle can be formed by driving T4 along this time and driving T2 or T3. As
explained for the positive half cycle, driving T2 produces negative voltage at the inverter
terminals and by driving T3, the source becomes inactive and the output circuit finds a
freewheeling path for the current in any direction,

The structure shown in Fig. 2 develops the necessary driving signals for 3-level (unipolar)
mode operation. The principle is the same as for bipolar modulator (BM) with additional
polarity comparator P-COM. The added comparator monitors the pulse patterns generated by
the hysteresis comparator where it produces signal that indicates the positive and negative
periods of the reference wave. For puositive period, P-COM activates transistor T1. During this
time the output terminal will be switched between ~E and 0 according to the generated pattern
by the hysteresis controller HCOM. In 2 similar manner, T4 will be activated for negative
peniod to produce terminal voltage of -E or 0. In this control strategy, the signal produced by
the HCOM determines the terminal voltage magnitude 1o be £ or OV, while the polarity
comparator P-COM determines the polarity of the terminal voltage.

Modulotor

Logic
Reference . —
generalor :T‘”;‘V T
etector
V. —- T2
N >
T3
S, ———-T4
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conlraler ,Coniroi Signatl
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Fig. 2: Block diagram for unipolar modulator.

It is known that the bipolar mode requires high switching frequency that increases transistor
losses. On other side, in case of unipolar mode, the output may not follow the reference wave
at falling side [8]. This depends mainly on the load time constant and the decay rate of the
reference wave. This is not happen in case of bipolar because it can forces the excess energy to
return back into the supply.

In view of energy transfer, The bipolar mode causes high reactive power between DC source
and filter circuit. This cxplains why the switching density is high. In other words, it can be said
that this mode demands more reactive switchings and reactive inverter operation tine. In case
of unipolar mode , also, there are reactive power that does not return to the DC supply but
oscillate between filter clements through inverter devices. Thus, unipolar mode exhibits also
reactive switching and reactive operation but less thaa in bipolar mode case.
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I1I. FREEPOLAR MODULATOR

A. Principle of Operation

In this mode, the driving strategy of the power transistors is different, where the inverter
terminal voltage can be positive or negative or zero or floating at any time. In bipolar case, the
controfler has two freedoms only +E or -E. Also in unipolar, the controller restricts the
operation freedoms to be +E or 0 in positive period and to -E or 0 in negative period. This
means that the unipolar mode also has only two freedoms as bipolar one.

(a)
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Fig. 3.(2) Proposed control structure for the freepolar hysteresis modulator
(b) operating principle.
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The new hysteresis modulator shown in Fig. 3(a) uses extra degree of freedoms and is free to
use the best state irrespective of the reference half cycle. As shown in Fig. 3(b), it lets current
freewheeling when the control signal }Veont tends to cross-up the upper boundary of the lower
band HL. After the current freewheeling, the modulator forces the power circuit to be in the
floating state as long as the control signal lies within the tolerance band HU. In this case, if the
output rises more, the modulator forms a freewheeling way for discharging the capacitor
(voltage freewheeling). If the control signal is still higher than the upper band m spitc of the
forgoing actions, the modulator switches the negative voltage state that forces the output to
retumn back in the tolerance band. Thus, the freepolar modulator strategy will be defined by the
logic block. Where it provides the transistor-control signals according to the states of the three
hysteresis compactors : U-HCOM, L-HCOM, P-HCOM shown in Fig. 3(a).

To drve the inverter power circuit for freepolar PWM mode, firstly, the polarity signal
comparator in the unipolar controller is modified to be a hysteresis one (P-HCOM) that
compares the reference signal Vr with the control signal Veonr as shown in Fig. 3. Clearly, the
polarity comparator (P-HCOM) will be in active state (T1 active and T4 inactive), when the
control signal Vcont crosses positively the upper boundary Vr+HP. It nolds this case till the
control signal crosses negatively the lower boundary Vr-HP and vice versa. Hence, the poles +
and - are selected according to the deviation between Vr and Veont instcad of the reference
signal polarity in case of unipolar mode.

Secondly, the other transistors T2 and T3 are driven so that the extra degree of freedoms
offered by the basic inverter topology arc utilized. The potentially valuable states can be
selected in the best sequence using the following logical statements:

IF P.BCOM iy active (T1 active and T4 Inactive)
Output
state
"T2 will become active, when the control signal
crosses positively the upper band of HU Vt=0
"T2 will become inactive, when the control signaj
crosses negatively the lower band of HU™ V=
"T3 will become active, when the control signal
crosses negatively the lower band of HL" Vt=+E
"T3 will become inactive, when the control signal
crosses positively the upper band of HL" Vit =~
[F P-HCOM is imacgive _(T1 Inactive and T4 active)
"T2 will become active, when the control signal
crosses positively the upper band of HU” Vi=-E
"T2 will become inactive, when the control signal
crosses uegatively the lower band of HU” Ve=—
"T3 will become active, when the control signal
crosses negatively the Zower band of HL" Vi=0

"T3 will hecome inactive, when the control signal
crosses positively the upper band of HL" V=



E 48 Tbrahim Fatouh EL-Sayed

Here, the polarity signal flips when the present state is not enough to control the output wave
to be in the prescribed band. This polarity signal gives us freedom to generate +E or -E
whenever it is necessary. Unlike unipolar and bipolar, in positive period the inverter terminal
voltage can be switched between the state +E and the state ~ (floating) or between ~~ and 0
(freewhecling) or betwcen 0 and -E sequentially for any time width. For example ( in case of
positive period) if the switching from +E to ~~ (floating state), and switching from ~~ to 0
(voltage freewheeling) not enough to control the output, the polarity signa| will be inverted.

Fig. 3(b) demonstrates the operation mechanism of the hysteresis modulator during positive
period. When the control signal crosses positively the upper boundary of the desired band HL
(L-HCOM become inactive), the modulator leaves only T1 ON. Hence the inductance trapped
energy finds a freewheeling path through T1 and D2 (current freewheeling). This prolongs
capacitor charging. After the current freewheeling, the output circuit becomes in floating state
from the inverter side. During this interval, the capacitor voltage decay according to the load
only. If the control signal, in spite of this action, still rises (or the reference wave decay rapidly)
out side the desired tolerance band HU, the second upper comparator (U-HCOM) will
activates T2. This action causes the capacitor to discharge through the freewheeling path D1
and T2. Therefore, the output voltage decays faster than in floating state. If the output is still
gomg to fly away from the desired band, the outer comparator (polarity comparator P-HCOM)
will flip when the confrol signal crosses positively the upper boundary of HP. This flip will
activate T4 instead of T1 to impress a negative voltage that forces the output to return into the
desired band.

B. Regulation and Ripple Control

The regulation quatity of the output voltage is the most important specification of UPS system.
Excellent transient performance of the self stabilized hysteresis controller is essential for tight
regulation in the presence of switched loads.

It can easily be seen that the UPS system is a variable structure plant{equ.(1)]. Clearly, the
- confrol input to

output voltage transfer function [Fig. 4] depends mainly on the load. The load-dependent phase
lag between input and output (caused by inductance trapped energy) may produce uncontrolled
ripple especially during switched nonlinear loads. The dynamic performance and the ripple
control can be improved by modifying the control signal Veont.

Vi - Y
t
1/sL 1/sC !
+
Load
D(s)
Veont

<« Kp

Fig. 4 Block diagram of the plant.
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C. Control signal

The insight understanding for the operation of the system helps us to find an effective way to
make the output ripple under control irrespective of filter and load parameters.

The equation that describes the output response can be written as:

aVea - 1 lxa ( 2)
at c

The investigation of equation (2) shows that the rate of change of the output voltage gives a
measure of the inductance trapped energy at no load and a measure of the excess energy at
loading case. This trapped energy prolongs the charging time that charges the capacitor over.
For example, if the inductance current is equal to the load current, the over charging will not
occur. Clearly, the state dVout/d! is an important signal that can be used to modify the control
signal that judges the hysteresis controller. Hence, the control signal ¥zon should be composed
of the derivative in addition to the proportional of the output voltage signal as follow.

Veont = Kp.Vout + Kd.dVout/dt 3)

Where Kd is a constant that determines the weight of the derivative in the control signal.

Fig 5. Principle operation of the modified control signal

This signal with the reference one determines the suitable switching instant so that the output
remains in the prescribed tolerance. Here the inverter transistors are driven in such a way that
the sum of the sensed states Kp.Vour and Kd.dVout/dt is confined between the two waves
that are spaced by ~HU and -HL from the reference one. This means that the output state

Vout will be controlled so that:
& K dVeou Hy dVoa

2 dt
- S Var g
K K

VYt -~

Fig. § demonstrates the modified control signal effects on the switching instants. The switching
will occurs when the output crosses the value:
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Vg & B _ g iz fewm
Voue = 2 c in rising case
or K

Ver - B _ gt = fem
Vout = 2 ra c in decaying case.

These switching constraints are not only function of the output value but also of its speed of
change. This means that: if the output changes slowly, the switching occurs nearty when the
signal Kp. Vout crosses the tolerance band. But in case of rapidly change, the switching occurs
carlier than before. This leads to rake the excess energy part not a2 burden but a useful part in
the contro] process.

In view of the regulation quality, the modified control signal has load current component jout
that can affect the modulator performance directly without delay as shown in Fig. 6. This
improves the system dynamic performance. Also, the inductance current component j is a
measure of how much the trapped energy is. This energy depends on the time integral of the
difference between the DC voltage E and the output Yout. Hence, the component i helps the
modulator to keep the output ripple under control especiaily in the sever cases of light load and
low output values,

Vi - [ | v
1/sL g 1/sC out
+ + N
Load
i
Kg out D(s)
Vcont +
= . Kp

Fig. 6 Block diagram of the plant with the modified control signal.

D. Evaluation

The proposed control scheme shows more flexibility and uses exira degree of freedom.
Clearly, the performances in Fig. 7 show that the proposed scheme is fast enough to generate a
sinusoidal 400 Hz voltage wave under different conditions. The controller can control the
power circuit to impress any state of +E, ~~, 0, and -E in any half cycle [Fig. 7(a)]. These can
be used to control the output voltage whenewver is necessary.
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The presented modulator adapts itself by generating the suitable PWM pattern to judge the
output 1o be within the 1olerance band. In case of fast decay the controller reverses the inverter
terminal voltage V't even in the positive period as shown in Fig. 7(a)~(d). This forces the output
to follow the reference wave. But in case of unipolar, the controller can not reverse the inverter
terrinal voltage in the positive period. Hence the output remains out of control in case of
unipolar till the reference wave changes its sign.

Vout 1out
E2RY 8.0
16S - .06
aQ [*]
-1 -, 00
-28t1 - .08
260U ooy 1,267 1.76M 2.28M
in Secw
Vi
LIRS
e P"\
b L1 )
-yl
.-\il e )

Fig. 7(a) switched load ,L=5mH, C=SuF, HU=HL = 2% HP=6%

Vout tout
211 .00
1868 “+ .00
a 5]
~166 —4 .08
-S11 -8 .06
2850 7SO0 1.260 T.75M Z 28
In Socs
Vi

AL

L S

Fig. 7(b) switched load ,L=2.5mH, C=5uF, HU=HL = 1% HP=6%
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Vout fout
s11 e.00
166 4.00
5] 8
—-15K —t .00
-a11 -a.00
ZS0U TEOU 1.251 1.75M1 Z.25M
in Secs
Vi
a1
sam
-
-
e 2R Y
— ~wa e T >
Veont
§.008
2.8Q
L] FYJ
-2.60
-% .00
=T TeT T 5N TN P ]
{in Seow

Fig. 7(c) no load,L=2.5mH, C=5uF, HU=HL = 1% HP=6%

The floating case is obtained when the output remains within the upper tolerance band HU for
a considerable time interval as shown in Fig. 7(a). During this time the capacitor discharge rate
it nearly similar to the decay rate of the reference wave. Also, the response in Fig. 7(b) shows
that the high frequency ripples are controlled also during no load time. This explains the
considerable effects of the modified control signal. The system response in Fig. 7(a),(b) show
that the switched load causes small fluctuations at the output wave. But the terminal voltage V'
response points out that the modulator reaction is nearly instantaneous, Hence, It can be
concluded that the fluctuations do not depend on the controller but depend on the inverter
strength (input DC voltage) and devices switching delay. The transient performance can be
improved by increasing the input DC voltage. This shows that the presented scheme can
achieve excellent steady-state and transient performance simultaneously. For loading case in
Fig. 7(d), the ripples in rising and decaying case are controlled as in case of no load.

It is clear that the control signal has high ripples that cause switching at suitable time instants
according to the load and the inductance currents. For loading case in Fig. 7(d), the control
signal has lower ripples than in no load case [Fig. 7(c)] with similar excellent output wave
shape.



Mansoura Engineering Joumnal , Vol .20, No . 2, June 1995 . E 53

Regarding parameter variations (L, C, and H), the system adapis itself as shown for L=3mH
HU=HI=2% [Fig. 7(a)] and for L=2.5mH and HU=HIL=1% [Fig. 7(b)]. This cxplains that the
presented modulator can adapt and stabilize its output withowt additional PI controller as the
other systems normally need.

Concemning the switching frequency, there is no considerable change due 1o loading effect and
it is in the range of 10kHz

Vout lout

it 0.0

158 20.0

] [-]
-1 65 -26 .0 ?
-311 -+6.0
O — -~
Zead 7660 1.26M 1.76M 2 .26M

in Ssas

Veont

-2.80
K T 1.6 76N 2.280

'S.@L
2E00
in Secs

Fig. 7(d) normal load, L=2.5mH, C=5uF, HU=HL = 1% HP=6%

IV. Three Phase Inverter

In view of the demanding three phase applications requirements of the inverter system, the
inverter should have the capability to supply single-phase loads independently, balanced three-
phase loads, nonlinear or switched loads, etc. To obtain these requirements, the inverter should
provide uncoupled topologies for the phases.

There are several configurations for providing more freedoms than the conventional three-
phase inverter circuit.
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The inverter leg shown in Fig 8(a) is described in details in [10],[11]. In this configuration, at
least two switches of the inverter leg are in the off-state. The output terminal can be switched
to one of the poles +E, -E, 0. Thus the inverter can provide 27 switching states, while the
ordinary one can only 8 states. The alternative configuration shown in Fig. 8(b) provides 4-wire
output connection including a neutral terminal so that balanced voltage can be produced to
unbalanced load. These configurations are preferable for handling unbalanced loads.

The hysteresis modulators, as in single-phase case, drive the four leg switches so that each
phase voltage follows its reference wave. Where each phase has, independently from the
others, the same degree of freedoms as the single phase inverter scheme. The only difference is
that the modulator logic block should match between the demanded states of the modulators,
For example, in Fig. 8(b) phase 1 can get state 0 by switching either Tul and Tu2 or Tl1 and
TI2. Hence, the logic block decides the suitable choice according to the demanded states of the
other phases.

+-‘r

i

I\
I

» <3

Fig. 8(a) Schematic diagram of 3-level inverter leg.

+
 Tu, Tu2 ¢ % Tud, Tud
E 3 3 >
e TLd TR T3 T4
| 1 2 3
U VvV w L
load
~& C
1T S T T

o

Fig. 8(b) Schematic diagram of 4-leg three-phase inverter..
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V: Conclusion

A simple intelligent modulator to realizing a high performance high frequency inverter system
has been presented. The control strategy is based on the optimal choice of the inverter topology
that suit the instantaneous reference and output waves.

The control signal composed of output voltage, load current and inverter output cusrent has
considerable effects on the performance. It reduces the inverter rcactive switching and
subsequent reactive operations. Hence, the scheme has low output ripple, minimum switching
frequency and excellent transient performance. Moreover, it is not sensitive for parameter’s
variation. Presented records have showed, for different load conditions, the superiority thap the
conventional methods. The proposed controller structure is very simple, not sensitive to the
noise and easy to tune.
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