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Abstract. In this work, the authors investigated the implementation of the frequency analyzer principle to produce real-

time estimates of the equivalent capacitance of the electronically switched capacitor for the two-phase induction servo-

motor. The on-line estimation of the capacitance of the start-up switched capacitor for the auxiliary phase of the two 

phased induction motor is subjected to disturbances due to the large commutation voltages. The correlation frequency 

analyzer is mainly used in systems identification to estimate the dynamic models within the frequency and correlation 

identification methods. In comparison with the direct data averaging, the frequency analyzer implementation is less 

noise sensitive, more accurate and subjected to the embedded implementations. The experimental results of this 

investigation proved that the embedded implementation of the frequency analyzer principle is possible within the same 

microcontroller that produces the control law for the switched capacitor. 
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1. Introduction  
The electronically switched capacitor is used 

for the frequency or phase-angle control within a 

wide range of applications such as the power factor 

optimization and the electronically controlled 

oscillators and receivers [5, 6, 7]. In electrical 

drives, the electronically switched capacitor is used 

for the optimization of the two-phase induction 

servo motor in two directions (1) the maximization 

of the start-up torque and (2) the optimization of the 

machine's efficiency at steady-state operation, [3, 4].  

The two-phase induction servo motor is widely 

used in the industrial automations as execution 

element within the remote control of the hydraulic 

valves, for fans and small pumps. In the domestic 

appliances the two-phase induction motor is mainly 

used as execution element for the washing 

machines. The rated power of the motor is in the 

range of some watts up to two kilowatts. 

Several contributions to the optimization of the 

two-phase induction servo motor are presented in 

the literature. Liu, [3], and Muljadi, [4], proposed a 

two direction electronic switch parallel connected 

with the capacitor. This structure is simple but the 

range of the controlled capacitance is reduced. The 

full controlled bridge structure of the switched 

capacitor, proposed by Lettenmaier [8] and Suciu 

[2] produce larger range for the controlled 

capacitance. In previous works, the authors of this 

work emphasized the main characteristics of two-

phase induction motor controlled with the 

electronically switched capacitor from both the 

mathematical modelling and optimization points of 

view, [9, 10, 11, 13, 14]. The quoted investigations 

lead to the idea of the feedback control of the 

capacitance for the drive. In this perspective, the on-

line estimation of the capacitance from the 

measurements of voltages and currents within the 

drive is mandatory. This problem raises difficulties 

due to the high commutation noise produced by the 

switching capacitor.  

In this work, the authors investigated the 

implementation of the frequency analyzer for the 

estimation of the equivalent capacitance from 

measurements. The paper's organization is as 

follows: in the second section are presented the 

theoretical aspects of the frequency analyzer and the 

operation principle of the electronically switched 

capacitor; the experiment organization and the 

additional software are described in the third section 

of the paper; the results of the study and the 

associated interpretations and conclusions are 

presented within the fourth part of the paper.  

 

2. Prerequisites and means for the problem 

solution 
2.1. The frequency analyzer principle 

The frequency analyzer is used in System 

Identification to produce estimated values of a 

system frequency function from input / output 

sinusoidal signals, into the frequency analysis 

method [1, 12]. The signals are eventually corrupted 

by measurements and system's noise. 

The frequency analyzer principle, Figure 1 

consists in the multiplication of the output 

sinusoidal signal with two other sine and cosine 
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probe signals. The signal under investigation and 

the probe signals feature the same angular 

frequency. In sequel, the results are integrated over 

an integer number of periods.  
 

 
Figure 1. The schematic of the frequency analyzer 

principle 
 

In this work is proposed a slight modification 

of the analyzer for the estimation of the amplitude 

and the phase angle of the noise corrupted 

sinusoidal input signal instead of the magnitude and 

argument of the frequency transfer function. 

In this approach, the principle of the frequency 

analyzer is given in the followings. 

Consider the sinusoidal signal with the rms 

value Y, the angular frequency ω, and the phase 

angle φ: 

     YtYty Im2sin2  . (1) 

The signal at the output sine channel of the 

analyzer is given by the following expressions: 
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(2) 

Similarly, the output signal at the cosine 

channel of the frequency analyzer will be as 

follows: 
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The frequency analyzer is high selective in 

frequency acting as a band pass filter with the 

centre frequency , (the frequency analyser's 

frequency). This is the feature that allows the use of 

the frequency analyzer for the analysis of the 

voltages and currents at the electronically switched 

capacitor. 

 

2.2. The electronically switched capacitor 

The schematic of the full controlled bridged 

electronically switched capacitor [2] is depicted in 

Figure 2. 
 

 
Figure 2. The electrical diagram of the proposed 

electronically switched capacitor, [2] 

 

A commutation cycle consists of two steps. For 

the positive polarity of at the lower terminal of the 

bridge, in the first commutation step the transistors 

A1, D1 and the free wheeling diodes A2, D2 are 

switched on. In the second commutation step the 

transistors C1, B1 and the free wheeling diodes C2, 

B2 are switched on. For the negative polarity of at 

the lower terminal of the bridge, in the first 

commutation step the transistors A2, D2 and the free 

wheeling diodes A1, D1 are switched on. In the 

second commutation step the transistors C2, B2 and 

the free wheeling diodes C1, B1 are switched on.  

The duty cycle is the ratio between the time 

interval of the first commutation step and the 

switching period. 

Comprehensive studies of the electronically 

switched capacitor are presented in [6] and [2]. 

The relation between the equivalent 

capacitance, Ce of the electronically commutated 

capacitor and duty cycle is given by the following 

expression [2]: 
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 212 


a

C
Ce , (4) 

where C is the capacitance of the capacitor and a is 

the commutations' duty cycle. 

 

3. The experiment organization and the 

additional software 
3.1. The experiment setup 

The objective of the experiment was the 

experimental determination of the equivalent 

capacitance of the electronically switched capacitor 

by means of the described principle. The 

experimental setup, Figure 3 consisted of four 

snubber circuits grouped within one block – (A), 

one signal conditioner with eight outputs – (B), one 

control unit based on the ATmega32u4 micro-

controller – (C), and one capacitors block – (E), the 

equivalent capacitance of this block was set to 10.5 

μF. The load of the switched capacitor was a 

resistor; the equivalent resistance of the resistor was 

100 Ω. 
 

 
Figure 3. The experimental setup 

 

The electrical variables (voltages and currents) 

were observed by means of a Metrix OX 6152 

featured with serial and Internet connections. 

The data acquisition and computations were 

made by means of two dedicated software 

applications. The first software application was 

implemented into the embedded microcontroller for 

the snubber's control pulses. The second software 

application was made for the data acquisition and 

computations. This software was written into the 

MathLab software environment and connected with 

the scope by means of the serial interface. 

The graphical interface of the mentioned 

application, Figure 4 is provided with several 

software objects that allow the basic commands and 

monitoring. 

 
Figure 4. The graphical interface of the second software 

application 
 

The main features of the application were (1) 

the implementation of the frequency analyzer for 

the noisy input data, (2) the computation of the 

amplitude and phase angle of the equivalent signal 

and (3) the computation of the amplitude spectral 

density of the signal and (4) the computation of the 

equivalent capacitance of the electronically 

switched capacitor. 

 

3.1. The experiment procedure 

The duty cycle of the electronically switched 

capacitor was set to values within the range (0.5… 1) 

by means of the control unit. The voltage and 

current through the resistive load were measured 

and acquired. The supply voltage at the input 

terminals was maintained constant at 40 V. 

The acquired, measured data (voltages and 

currents) were loaded into the second software and 

interpreted. 

An additional database application was used to 

the final interpretation and conclusions. 

 

4. Results and discussion 
The voltages and currents wave forms as well 

as the corresponding amplitude spectral densities 

are depicted in Figures 5 to 7. 

The wave forms are corrupted by the 

capacitor's commutation noise as seen in Figures 5 

and 6. The frequencies of the signal's high order 

harmonics correspond to the commutation 

frequency and its multiples, Figure 7.  

The amplitude spectral density for the load 

current features the same harmonics as the voltage.  

The magnitude and the phase angle of the 

estimated signals at the output of the frequency 

analyzer are modified by the corrupting 

commutation noise. 
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Figure 5. The load voltage (1) measured values – the 

thick plot, and (2) the estimated values – the thin plot. 

Duty cycle a = 0.6875 

 

 
Figure 6. The plot of the load current (1) measured 

values – the thick plot, and (2) estimated values – the 

thin plot. Duty cycle a = 0.6875 

 

 
Figure 7. The amplitude spectral density of the load 

voltage. Duty cycle a = 0.6875 
 

The true and estimated capacitances of the 

electronically switched capacitor are presented in 

Table 1. 

Table 1. True and estimated capacitance of the switched 

capacitor with respect to the duty cycle 

Duty cycle True value 
Estimated 

value 

Estimation 

error 

- [F] [F] [%] 

0.9375 22.40 28.32 26.429 

0.8750 24.25 30.30 26.250 

0.8125 25.85 32.46 25.571 

0.7500 28.00 34.51 23.250 

0.6875 30.55 39.41 29.002 

0.6250 33.60 45.24 34.643 

 

In Figure 8, the main experimental results are 

depicted in the graphical representation. 

 

 
Figure 6. The equivalent capacitance vs. the true 

equivalent capacitance with respect to the duty cycle. 

The estimation errors with respect to the duty cycle 

 

The equivalent capacitance decreases with the 

increase of the commutation duty cycle. The 

average of estimation errors is 27.524 %. The 

commutation frequency of the electronically 

switched capacitor was set to 2.5 kHz which is a 

multiple of the input voltage, i.e. 50 Hz. This fact 

increased the systematic errors of the frequency 

analyzer.  

 

4. Conclusions 
In this work, the authors investigated the 

implementation of the frequency analyzer principle 

to produce real-time estimates of the equivalent 

capacitance of the electronically switched capacitor 

for the two-phase induction servo-motor. In this 

approach we proposed a slight modification of the 

frequency analyzer principle. The software 

implementation of the frequency analyzer algorithm 

to the noisy signals acquired from the electronically 

switched capacitor produced consistent estimates of 

the equivalent capacitance.  
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The future developments of this work will 

consist in the embedded implementation of the 

algorithm and in the integration within the 

automatic control of the electronically switched 

capacitor. This development allows the 

maximization of the torque and energetic efficiency 

of the induction servo-motor start-up. 
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