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Abstract — In this paper construction of a system with the
stabilization of the current value of the variable voltage and
frequency based on variable voltage regulator with voltage
boost with PWM control is proposed. A mathematical model
of the system is constructed. Basic energy relationships and
dependencies of the system are analyzed.

Index Terms — stabilization of AC voltage, regulation of AC
voltage, step-up voltage, pulse-width modulation, PWM

[. INTRODUCTION

HE MOST common way to stabilize the AC voltage in

autonomous objects is double-conversion on the struc-
ture back-to-back. In addition to stabilized voltage at the
load the consumer also receives a fixed frequency in this
structure.

The use of electrolytic capacitors in the DC link has main

problems:
 Limited operating temperature range.
* High mass and dimensions (also associated with the
smoothing reactor to the rectifier output).

In the recent trend of building such systems, in which a
value of the effective AC output voltage is stable and a fre-
quency can be varied depending on the frequency generated
by the primary source. The load is shared to a load is not
sensitive to frequency and frequency sensitivity (in this case
requires an additional inverter). In this case, there is no seri-
ous emergency operation of the DC. Also temperature range
of the whole device is expanded.

Known solution system which is based on parallel semi-
conductor voltage source inverter which is used as the in-
active power compensator and stabilizes the effective volt-
age on the load [1,2]. The disadvantage of this system is the
large reactive currents compensator. Currents compensator
is required to stabilize effective value AC voltage.

II. PROBLEM DEFINITION

In this paper relationships are established and analyzed
to determine the parameters of the boost voltage regulator
with PWM. Only an effective value of output voltage of the
generator is stabilized while frequency is variable. Math-
ematical model of the system is based on the direct methods
of analysis of energy processes in the systems. The major
energy relations analyzed analyzed.

III. THEORY

In this paper AC voltage regulator is used for regula-
tion and stabilization RMS AC voltage (Fig. 1.) with volt-
age boost, with AC transistor, with pulse-width modulation
(PWM). Voltage boost is introduced by means of high-fre-
quency transformer. Transformer is operating for high fre-
quency. Frequency of the transformer is much higher than
the frequency of the power supply.

VT1.1a VT2 1a
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Fig. 1. One-phase AC voltage regulator.

Where E - input voltage, VT1.1a-VT2.1a — AC transis-
tor, 7T - transformer, Za — impedance of load.

Three-phase voltage regulation is obtained by parallel
connecting of regulators. The neutral is used for indepen-
dent operation of the unbalanced phase load.

The device operates as follows. When the effective value
the power supply is equal to one (in p.u.), it repeats itself and
the load. In this situation the output voltage of the regulator
is zero.

Let the supply voltage is three-quarters of the current gen-
erated voltage (Fig. 2.). On the key elements of the control
fed rectangular pulses. The voltage on the load will be the
sum of two vectors — input voltage and voltage boost (fig.
3). On the key VT2.1-VT-2.2 fed the control pulses so that
to create a pause in the zero voltage in each phase of the
control pulses overlap each other at the required time. It cre-
ates the effect of freewheeling diode [4]. Input current la
will be pulsed component. Effect of the freewheeling diode
voltage is necessary to flow in the secondary winding of
transformer. To improve the quality of the input current is
required appropriate LC filter at the output of each phase
voltage source.

The pulsed nature of the input current is a feature of the
AC voltage regulator with PWM (Fig. 2). Waveform of out-
put current at the output of the regulator will be substan-
tially sinusoidal at multiple pulse-width control method and
a switching frequency of a few kHz (Fig. 3).
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Fig. 2 Waveforms of input voltage and input current of the regulator.
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Fig. 3 Waveforms of output voltage and output current regulator.

Where Vin_A is input voltage of regulator, lin A is input
current of regulator (fig. 2) and Vout_A is output voltage of
regulator, Tout_A is output current of regulator (fig. 3).

IV. MATHEMATICAL MODEL OF THE SYSTEM

Fig. 5 shows a block diagram of the system. Where VS —is
voltage source, RVV — regulator variable voltage, L — active-
inductive load.
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Fig. 5 Block diagram of the system.

The quality of the input current is estimated. Direct meth-
ods of calculation is used (ADE — Algebraization Differen-
tial Equations) [3]. The parameters for the THD current is
calculated: [, - effective value of current of higher har-
monic and [, - effective value current fundamental har-
monic, On fig. 6 shows the equivalent circuit of one phase of
the system, to evaluate the quality of the input current.

L
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Fig. 6. Equivalent input circuit of one phase of the system.

*

In Fig. 6 e — input voltage source, L and C input filters,
i, — input current of regulator.
We write the system of differential equations, obtain:

L-%+u=e

du (M
i=C-—+i,

dt

Than we transform the system of equations (1) relative
source voltage, obtain:

di> i 1 de i
—t—=——+ ()
dt LC L dt LC

Let do algebraization of equation (2). Carry out the cal-
culation of the equation 2 by higher harmonics. We express
the result obtained through the integral THD second order

ITHD, 2 (Fig. 7):

1 1 in(1)
I, =—"— -ITHD,?2
LC w

A3)
Where [,, - the input current higher harmonics, which
should be defined, 7, @ - the first harmonic of the input cur-
rent, w— cyclic frequency, /THD, 2 - integral THD current

second order:

ITHD,q =

The mathematical model is simulated using the program
package MathCAD. For a given signal spectrum is calcu-
lated. Then /THD,?2 is calculated. The dependence of the

ITHD, 2 of the duty cycle D is shown on Fig. 7.
Let do algebraization of equation 2. Carry out the calcula-
tion of the equation 2 by fundamental harmonics:

2
I = Kz 'E(l) +K3 ']in(l) _K4 'E(l) 'Iin(l)
m = K NG
1
2 E;
where K| =1+—; ——— K, = 2(1)2’
w' (LC)Y w-LC wL
K. = Iii(l) _ 2-sina
owte?’ Tt Wik

Equation 5 based on 3 and 4 is calculated:

THD, =i 5)

M
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The value of the harmonic current at a given duty cycle
D is obtained. THD, depends on the input LC filter and on
integrated THD second-order (3). The dependence of the
THD, of the duty cycle D is shown on fig. 7.

ITHD, 2
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Fig. 7. Dependencies THD,, ITHD,2

The greatest impact of the higher harmonics occurs
when duty cycle D =0.4+0.5 (fig. 7). LC filters provide
ITHD, distortion of input current not exceeding 5%.

Equivalent output circuit of one phase of the system is

present.
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Fig. 8. Equivalent output circuit of one phase of the system.

We write the system of differential equations, obtain:

R, +L — (6)

du
i=C,—+1i,,
T odt

Than we transform the system of equations (6) relative

output current, obtain:

3. 2. .
Lf' d l(;’ut +RL d l(;ut +idlout + RL igut —
Tdt d* C, dt L.,
1
Lfo Ou

The next step is integration equation 7, obtain:

Lfiout + RL iout +— iout + - iout = uout
¢ L,C, L,C, ®)

Calculation on the higher harmonics, We have high fre-
quency of PWM, solution ¢ . ,i ,i =0,

. out > “out > “out
So the equation (8) becomes:

. 1 =
Lflout(hh) = uout(hh) (9)
' L,Cy

Let do algebraization of equation 9:

(;)2 '(iout(hm)2

2 _ Lf Cf
out(hh) — 2
Lf
Integral third order of output voltage [3]:
= Uout(l)
Uoumny =ITHD,, 3 -—
w

out
Where ITHD,,3is integral total harmonic distortion
voltage third order.
According to the direct method of calculation ADE [4]:

where ¢ —order of /ITHD , k — number of harmonic.
Solution for the high harmonics:

1 Uout(l)
out(hh) — _ 2 'ITHDU3
wouthC W, L

(11)

out™L

Calculation on the fundamental harmonics. Equivalent
output circuit of one phase of the system for fundamental
harmonic is present.
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Fig. 9. Equivalent output circuit of one phase of the system for fundamental
harmonic.

We have high frequency of PWM, fundamental harmonic
capacity can be ignored.
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Solution for the fundamental harmonic:

U

out(1)

1

our(l) — (12)
O L AL AR

Equations (13) includes equations (11) and (12):

_ ITHD,3 (Lf +1,

THDIout - 2
WoutL_fo LL

)+ ( RLL )’ (13)

Wout L

THD,,, (Fig. 10) depends on the output L fC , filter
and parameter of the load and on integrated /7HD),,3 of
voltage third order (fig. 10).

We evaluate the quality of the output voltage using a meth-
od ADE. A mathematical model of the system is constructed
using the software MathCAD and checked by means of soft-
ware PSIM. The equation that describes the output voltage:

. kwt,
9 5% Sln(T)
Uout =l z (COS(kWit) : T) +D | Sln(Wt) + Sln(Wl)
=

Where U, - output voltage on the load, kK — harmonic

number, , - pulse width, D — duty cycle.
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Fig. 10. Dependencies /THD,,3 . THD,

lout

Thus the quality output current can be estimated when the
load parameters is unknown. Knowing the law according to
which changes the integral total harmonic distortion of volt-
age q-order, we can predict the quality of the output current,
not calculating the current itself. This is the main advantage
of the ADE method.

V. EXPERIMENTAL RESULTS

To find the relation between the first harmonic of the out-
put voltage control and the duty cycle, calculation of the cor-

responding coefficient of the Fourier series is needed [3]:

1.
Uity = 2-E-[D+2—-s1n27zD]

T
Inp.u.
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Fig. 11. Control characteristics.

Since there is a leakage inductance L_, simulated and cal-
culated results are different. How we can look control char-
acteristics (Fig. 11), this regulator provides a wide control
range.

Fig. 12 shows a family of load characteristics of the con-
verter at different duty cycle of regulation. Load characteris-
tic shows the relation effective value fundamental harmonic
output voltage U our(1y ON the effective value fundamental
harmonic output current 7,

Uout(!)
. .‘"2 = - - Clu:j
o Cp=075
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Q& 1 —
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Fig. 12. Family of the load characteristics.

Relation of fundamental harmonic of output voltage on
parameters of the circuit is used the method ADEL1 [3]:
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(W4C2L2 + AZ) ’ CpUin(l)
Uout(l) = R RZ
l+(—2)?+B*+A*-2B-2——"
wL, w'L LC
where 4 = T B= L,+L

wCLL,~~ WL LC’

Calculation formula for finding the load characteristics:

Uout(l)

[ =—20
out (1) >
ZL

where Z, - impedance.

Z, = Rz + (WjutLL )2

Load characteristics are linear. The calculated and mod-
eled results of the external characteristics are the same.

VI. CONCLUSION

Thus, the output voltage in the considered system is in-
creased compared with the input voltage. It is used for sta-
bilization and regulation of the load voltage when the input
voltage is below nominal.

Mathematical model of the system was built. The main en-
ergy characteristics were analyzed. LC filters provide THD
of input current not exceeding 5%. Used the regulator wide
adjust the output voltage at the supply voltage control range
to 2x is allows. Load characteristics are linear. The calcu-
lated and simulated results of the load characteristics are the
same.

REFERENCES

[1] A.V. Geist, D.V. Korobkov, D.V. Makarov, A.N. Reshetnikov, S.A.
Kharitonov. Stabilization of the output voltage of the synchronous
generator with permanent magnets with variable speed shaft. An arti-
cle in the present collection.

[2] Volkov A.G., Zinoviev G.S, Sidorov A.V., Kharitonov S.A.. Stand-
alone power supply system with a floating rate stabilized AC voltage
at the base of asynchronous generator and reactive power compensa-
tor based on current inverter. APEP 2012.

[3] Zinoviev G.S. Fundamentals of power electronics, Novosibirsk,
NGTU, 4izd. 2009. 672 p. (in Russian).

[4] Zinoviev G. S., Klan V. A., Petrov M.A., Sherbelev A.A.. Electro-
magnetic compatibility of power electronics. P.1 Methodological
guide for practical training. Novosibirsk, NSTU, 2005, 48 p.

Andrey V. Sidorov was born in Novosibirsk,
Russia, in 1989. He received B.S. degree from
the Novosibirsk State Technical University in
2012. His research interests include application
of current invertor for autonomous power sup-
ply. E-mail: sidorov_corp@mail.ru

Gennady S. Zinoviev —professor of the Indus-
trial Electronics Department of the Novosibirsk
State Technical University (NSTU), research
supervisor of the Research Laboratory “Op-
timization of Energy in Converting Systems”.
Author of the textbook on power electronics,
two monographies devoted to electromagnetic
compatibility of converters, more than 90 pat-
ents and over 200 publications.



