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The development of the complex of pulse-modulation amplifiers 
of voltage and current 

 
 

Abstract. In this paper the results of the development of a complex of pulse-modulation amplifiers of voltage and current, are presented. Parameters 
of the amplifier, such as range of output three-phase voltages and currents, show that the developed complex is not only not inferior to widely used 
amplifiers, but also surpasses them in terms of weight and dimensions. To demonstrate the adequate operation of the complex, the deviations of the 
gains, the accuracy and phase accuracy of the output voltage and current were determined, which do not exceed 5 % and 0.10, respectively. 
 
Streszczenie. W artykule opisano wzmacniacz prądu I napięcia wykorzystujący modulacje impulsów. Otrzymany wzmacniacz jest nie gorszy od 
powszechnie używanych wzmacniaczy przy znacznie mniejszej wadze I wymiarach.  Dokładność wzmocnienia wzmacniacza w przypadku napięcia 
wynosiła około 5% przy niedokładności fazy 0.10.  Prosty wzmacniacz prądu i napięcia z modulacją impulsową 
 
Keywords: electric power system, amplifiers of current and voltage, development, tests. 
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Introduction 
The reliable operation of relay protection and 

automation system (RPA), and electric power system (EPS) 
in a whole, is mainly determined by the correctness of their 
functioning algorithms, correspondence of the choosing 
parameters and calculated settings to the actual operation 
conditions of the RPA and EPS.  

Nowadays modern RPA are complex, highly organized 
devices with wide logical and mathematical functionality. 
So, tasks of adequate setting up and testing of such 
devices become even more complex and require the 
availability of the necessary equipment: a simulation system 
(hardware real-time simulation system, and signal amplifiers 
for closed loop testing/hardware-in-the-loop (HIL) simulation 
of the real RPA [1, 2, 3]. This test method allows the most 
complete investigation of the main features of RZA. 

The scheme of HIL simulation includes a signal source 
(for example, simulation system like a RTDS [4, 5], 
HYPERSIM [6], Hybrid Real-Time Power System Simulator 
(HRTSim) [7, 8]), wherein the part of EPS and the protected 
object are modeled), amplifiers of voltage and current, and 
a tested RPA (Fig. 1). 

 

 
Fig.1. Bloch-diagram of HIL simulation  

 

In Fig. 2 the examples of such testing scheme, wherein 
the part of EPS and the protected object are modelled in the 
HRTSim, while the developed complex of pulse-modulation 
amplifiers (PMAmp), which includes the voltage and current 
amplifiers (VAmp and IAmp) to interconnect with the real 
tested RPA. 

In this paper the results of the development of PMAmp, 
including three VAmp units and three IAmp, a power supply 
block (12 V/200 A), comparison of the developed VAmp and 
IAmp with existing analogues by the main parameters of 
amplifiers, as well as evaluation of the regulation 
characteristic of the VAmp and IAmp, the value of gains 
depending on the frequency of input signals and the phase 
accuracy of the output signal is presented. 

 
Main Principles Of Deveplemoed Of The PMAmp 

The VAmp units are based on a class-D amplifiers, in 
which a high accuracy of the output voltage is achieved by 

the use of serially connected autonomous voltage inverters. 
Each of these inverters has an independent power source 
and generates an output voltage in a certain zone from the 
total range of output signal variation, which represents a 
multi-zone pulse modulation [9, 10].  

The functional scheme of the VAmp (Fig. 3) includes 
four identical cells - a bridge voltage inverters, the control 
system of which is provided by a programmable logic 
integrated circuit (or field-programmable gate array (FPGA) 
[11]). In this scheme, negative analog-digital feedback 
includes a summing amplifier, a correction unit and the 
FPGA. 

 

 
Fig.2. Bloch-diagram of HIL simulation  

 

The application of this negative-feedback with the high 
modulation frequency 100f kHz  and the small calculated 

frequency of the output LC filter, provides the minimum pha-
se deviation in a given frequency range of the output signal. 

According to the principle operation of bridge voltage 
inverters, when the any diagonal transistor switches are 
closed, a positive or negative half-wave of the output 
voltage is formed; accordingly, when the state of all 
transistor switches is locked, a zero voltage level is formed. 
Thus, it is possible to add or exclude the voltage source in 
the circuit, thereby carrying out multi-zone pulse modulation 
within eight zones [9, 10].  

The IAmp units are similarly based on a class-D 
amplifiers, however, the outputs of all four bridge voltage 
inverters are connected in parallel through output chokes 
(L), which will also allow generating the output current of 
any form in a given frequency range. This scheme (Fig. 3) 
allows solving the task of converting the input signal ( inU ) 

into the proportional output current ( outI ). 
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Fig. 3. The external appearance (a) and functional scheme (b) of 
the VAmp, where D - driver 

 

 
Fig. 4. The external appearance (a) and functional scheme (b) of 
the IAmp 
 
The analysis of modern existing amplifiers used in HIL 
simulation 

In Table 1 the main parameters of widely amplifiers, 
used in HIL simulation, and the developed VAmp and IAmp 
are presented.  

According to the analysis and comparison, it can be 
seen that: 

- the range of three-phase output voltage ( maxU ) and 

current ( maxI ) of VAmp and IAmp is not inferior (and even 

exceeds) the considered amplifiers; 

- the frequency range ( maxf ) of output voltage and 

current, equal to 1000 Hz , covers a significant weight of 

frequency spectrum processes in EPS, including switching 
overvoltage;  

- the value of absolute error of phase shift angle of a 
sinusoidal signal ( nPhK ) does not exceed the same 

coefficient of considered amplifiers; 
- the value of voltage and current accuracy ( nUK  and 

nIK ) of PMAmp exceed the analogous parameters of the 

considered amplifiers, but in general do not exceed 5%, 
which can be considered acceptable for an experimental 
sample. 

To demonstrate the adequate operation of the PMAmp, 
the corresponding tests of VApm and IAmp were carried out 
and the results are presented below. 
 

Table 1. Characteristics of amplifiers, used in HIL simulation 
Model Parameters 

maxI , 

A 
nIK , 

A 
maxU , 

V 
nUK , 

V 
maxf , 

kHz 
nPhK , 
0 

Retom-61  
[12] 

3ph 72 ±0.6 135 ±0.5 1 ±0.3 

1ph 200 ±4.8 405 ±4.9 2,1 

Retom -71  
[13, 14] 

3ph 40 ±0.6) 135 ±0.5 1 
±0.1 

CMS 356  
[15] 

3ph 64 ±0.05 

/ 
±0.13 

300 ±0.09 

/ 
±0.25 

1 
±0.05

/ 
±0.131ph 128 600 

PAC2000C 
[16] 

1ph 200 0.2 - - 5 
0.2 

PAC60Cip  
[16] 

3ph 60 0.06 - - 5 
0.2 

PAV250Bi  
[16] 

6ph - - 250 ±0.25 3 
0.2 

PMAmp: 

IAmp 3ph 100 ±2 - - 1 0.1 

VAmp 3ph - - 300 ±0.6 1 0.1 

 
Tests of VAmp and IAmp units of PMAmp  

The test program of the VAmp and IAmp units of 
PMAmp includes checking of the regulation characteristic, 
the value of gains depending on the frequency of input 
signals, the determination of the phase accuracy of the 
output signal. 

The VAmp testing scheme (Fig. 5) includes a voltage 
source, voltmeters (V) and a load: resistor ( 900R Ohm ) 

and choke ( 380 , 2.3R Ohm L H  ). 
 

 
Fig. 5. The VAmp testing scheme 
 

After supplying the power to the VAmp, the input voltage 
( inU ) in the range from 0 to 10 V  (amplitude value) and with 

a frequency from 0 to 1000 Hz   is set. The value of gain 

( _ expnUK ) is determined by the value measured effective 

value of the output voltage ( outRMSU ) and its deviation from 

the nominal value ( _ 30nU nomK  ) is estimated. The results of 

the experiments and calculations are presented in Table 2.  
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K


    - deviation of nUK , %. 

Based on the obtained results, it can be noted that   
does not exceed 5% , and the transfer characteristic of the 
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VAmp has a linear relationship (Fig. 6), which generally 
confirms the adequacy of the developed VAmp unit. 
 

 
Table 2. The results of the experiments and calculations of VAmp 
parameters 

inRMSU
, V 

R load 

10f Hz  1000f Hz  

outRMSU , V _ expnUK  ∆, % 
outRMSU ,V _ expnUK ∆, % 

0.71 21.40 30.27 0.90 21.90 30.67 2.24 
1.41 42.40 29.99 0.05 43.40 30.69 2.31 
2.12 63.50 29.94 0.20 64.60 30.46 1.52 
2.83 84.70 29.95 0.17 85.80 30.34 1.13 
3.54 105.80 29.92 0.27 109.10 30.64 2.12 
4.24 127.20 29.98 0.07 130.67 30.80 2.66 
4.95 148.50 30.00 0.01 151.70 30.65 2.15 
5.66 169.60 29.98 0.06 174.00 30.76 2.53 
6.36 190.70 29.97 0.12 196.40 30.86 2.87 
7.07 211.70 29.94 0.20 218.50 30.90 3.00 

 

 
Fig. 6. The transfer characteristic of the VAmp for 50f Hz  and 

RL load  
 

To confirm the adequacy of the frequency 
characteristics of the VAmp, the changes of the   
depending on the frequency of the input signal are 
presented in the Table 3, in case when multifunctional 
measuring transmitters (MIP-02) [17] is used as a load. 

 

Table 3. The value of   depending on the frequency of the input 
signal 

,f Hz
 

5inU V  10inU V  

outRMSU , V _ expnUK  ∆, % 
outRMSU ,V _ expnUK ∆, % 

10 21.40 30.17 0.58 211.70 29.94 0.19 
50 21.43 30.03 0.09 215.20 30.44 1.46 

100 21.50 30.15 0.51 216.30 30.59 1.98 
150 21.56 30.21 0.71 217.10 30.71 2.36 
400 21.02 29.46 1.81 217.50 30.76 2.55 
800 21.35 29.90 0.33 217.80 30.81 2.69 

1000 21.90 30.67 2.24 218.50 30.90 3.00 
 

According to the amplitude-frequency characteristic of 
VAmp (Fig. 7), the value of the nUK  does not exceed 5%  in 

the range up to 1000 Hz . 
 

 
Fig. 7. Amplitude-frequency characteristic of VAmp 

To estimate the phase shift angle of a sinusoidal signal 
( nPhK ), a phase meter (F2-34) and voltage dividers ( 1 4R  ) 

were added to the VAmp testing scheme (Fig. 8). The value 
of 1 4R   are selected in such a way to get the same level of 

1.5V  at the inputs of the phase meter. 
 

 
Fig. 8. The VAmp testing scheme for estimation the phase shift 
angle of a sinusoidal signal, where 1 10R kOhm , 2 10R kOhm , 

3 30R kOhm , 4 510R Ohm   
 

The results of measuring the phase deviation of the 
output voltage depending on the frequency of the input 
signal are presented in Table 4 and show an acceptable 
value of the phase shift (no more than 00.1 ) and the 
correctness of the operation of the VAmp unit in the 
specified frequency range.   

 
Table 4. Phase deviation of the output voltage of Vamp depending 
on the frequency of the input signal 

,f Hz
 

inRMSU , V outRMSU , V The value of phase shift 

t, µs phase, 0 

10 3.54 105.80 0.09–0.40  0.0016-0.0072 
50 3.56 105.70 0.01–0.25  0.0002-0.0045 

100 3.56 106.60 0.03–0.16  0.0005-0.0029 
300 3.56 106.65 0.23–0.27  0.0041-0.0049 
500 3.56 107.77 0.97–1.01  0.0175-0.0182 
800 3.56 110.29 2.86–2.87  0.0515-0.0517 

1000 3.56 112.10 3.35-3.51  0.0603-0.0632 
 

The IAmp testing scheme (Fig. 9) includes a current 
source and Hall sensor (LEM LT 300-S/SP2). In this 
scheme the outputs of IAmp is shorted by a wire PV3 
16 mm  with a length 0,35l m . 

After supplying the power to the VAmp, the input voltage 
( inU ) in the range from 0  to 10 V  (amplitude value) and 

with a frequency from 0  to 1000 Hz is set. The value of gain 

( _ expnIK ) is determined by the value measured effective 

value of the output current ( outRMSI ) and its deviation from 

the nominal value ( _ 10nI nomK  ) is estimated. The results of 

the experiments and calculations are presented in Table 5. 
 

 
 
Fig. 9. The IAmp testing scheme, where R_shunt – value of shunt 
resistance (type CF-0.25) 
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Table 5. The results of the experiments and calculations of IAmp 
parameters 

inRMSU , 

V 
10f Hz  1000f Hz  

outRMSI , A _ expnIK  ∆, % 
outRMSI , A _ expnIK  ∆, % 

0.71 6.92 9.74 2.57 6.97 9.80 1.99 
1.41 13.94 9.83 1.69 14.02 9.87 1.27 
2.12 20.97 9.86 1.43 21.10 9.90 1.01 
2.83 27.92 9.87 1.31 28.22 9.91 0.89 
3.54 34.96 9.88 1.19 34.98 9.92 0.80 
4.24 41.94 9.89 1.13 42.13 9.93 0.72 
4.95 49.44 9.89 1.12 49.72 9.93 0.69 
5.66 55.94 9.89 1.07 56.27 9.93 0.66 
6.36 63.18 9.90 1.04 63.18 9.94 0.62 
7.07 70.12 9.90 1.03 70.59 9.94 0.61 

 

_ _ exp

_

100%
nI nom nI

nI nom

K K

K


    - deviation of nIK , %. 

Based on the obtained results, it can be noted that   
does not exceed 5% , and the transfer characteristic of the 
IAmp has a linear relationship (Fig. 10), which generally 
confirms the adequacy of the developed IAmp unit.  

 

 
Fig. 10. The transfer characteristic of the IAmp for 50f Hz  

 

To confirm the adequacy of the frequency 
characteristics of the IAmp, the changes of the   
depending on the frequency of the input signal are 
presented in the Table 6, in case when Sepam-40 relay 
protection system is used as a load. 

 

Table 6. The value of   depending on the frequency of the input 
signal 

,f Hz
 

5inU V  10inU V  

outRMSI , A _ expnIK  ∆, % 
outRMSI , A _ expnIK  ∆, % 

10 34.87 9.85 1.45 69.92 9.87 1.26 
50 35.05 9.85 1.46 69.92 9.86 1.36 

100 34.96 9.83 1.72 69.92 9.86 1.41 
150 35.00 9.84 1.65 69.92 9.86 1.43 
400 34.91 9.81 1.93 69.64 9.81 1.87 
800 34.68 9.74 2.61 73.02 10.34 3.43 

1000 35.21 9.89 1.12 74.17 10.44 4.40 

 

 
 
Fig. 11. Amplitude-frequency characteristic of VAmp 

 
 

According to the amplitude-frequency characteristic of 
VAmp (Fig. 11), the value of the nIK  does not exceed 5 %  

in the range up to 1000 Hz . 

To estimate the phase shift angle of a sinusoidal signal 
( nPhK ), a phase meter (F2-34) and voltage dividers ( 1 2R  ) 

were added to the IAmp testing scheme (Fig. 12). The value 
of 1 2R   are selected in such a way to get the same level of 

1V  at the inputs of the phase meter. 
 

 
Fig. 12. The IAmp testing scheme for estimation the phase shift 
angle of a sinusoidal signal, where 1 39R kOhm , 2 6.8R kOhm  

 

The results of measuring the phase deviation of the 
output current depending on the frequency of the input 
signal are presented in Table 7 and show an acceptable 
value of the phase shift (no more than 00.1 ) and the 
correctness of the operation of the IAmp unit in the 
specified frequency range.  

 

Table 7. Phase deviation of the output current of IAmp depending 
on the frequency of the input signal 

,f Hz
 

inRMSU , V outRMSI , A The value of phase shift 

t, µs phase, 0 
10 7.07 69.91652 0.05–0.035  0.00063–0.0009 
50 7.07 69.91652 0.01–0.48 0.00018–0.00864

100 7.07 69.91652 0.02–0.04 0.00036–0.00072
300 7.07 69.91652 1.06–1.07 0.01908–0.01926
500 7.07 69.63981 1.57–1.59 0.02826–0.02862
800 7.07 73.42157 1.83–1.85 0.03294–0.0333 

1000 7.07 75.5221 2.01–2.25 0.03618–0.0405 
 

The results of the tests of the developed VAmp and 
IAmp units of the PMAmp show the adequacy of the output 
voltage and current: the deviation of the gain of the VAmp 
and IAmp does not exceed 5%  in the range up to 
1000 Hz ., and the phase deviation of the output voltage and 

current does not exceed 00.1 .  
It should be note, that the output current of the IAmp can 

be increased up to 200 A  (in amplitude), but it requires the 

increasing of the supply voltage and the overall power of 
the converters will increase up to 4.5 kW . 

 
Conclusion 

The results of the development and testing of the 
complex of pulse-modulation amplifiers (PMAmp), which 
includes the voltage and current amplifiers (VAmp and 
IAmp), are presented.  

The comparison of the developed VAmp and IAmp with 
existing analogues by the main parameters of amplifiers 
shows that VAmp and IAmp units of PMAmp can be used in 
HIL simulation of the real RPA, in particular the range of 
three-phase output voltage and current of VAmp and IAmp 
is not inferior (and even exceeds) the considered amplifiers. 

At the same time, the obtained test results show the 
adequate operation of the amplifiers: the deviations of the 
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gains, the accuracy and phase accuracy of the output 
voltage and current were determined, which do not exceed 
5%  and 00.1 , respectively. 
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