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Abstract. The article examines issues related to the application of electro-ferromagnetic oscillatory circuits for controlling 

the state of triode thyristors in alternating current systems, where synchronization of the control signal with the mains 

frequency is required. The control signal is taken from the ferromagnetic element by means of an additional control 

winding. By varying the turn-on moment of the triode thyristor, it is possible to regulate the average value of the load 

current over a period from zero to its maximum. Based on a two-core electro-ferromagnetic circuit, it makes it possible to 

create a phase-shifting device for phase control of thyristors. 

INTRODUCTION 

Application of electro-ferromagnetic oscillatory circuits for controlling the state of triode thyristors in alternating 

current circuits where synchronization of the control signal with the mains frequency is required. The control signal 

is taken from the ferromagnetic element by means of an additional control winding. By varying the turn-on moment 

of the triode thyristor, it is possible to regulate the average value of the load current over a period from zero to the 

maximum. The combined use of electro-ferromagnetic circuits and thyristors makes it possible to create sensitive 

contactless AC relays, various frequency converters, and regulating and stabilizing devices, which are characterized 

by high reliability, simple design, reduced size and weight, noiseless operation, high gain, fast response, ease of 

maintenance, and increased efficiency. At the same time, for phase control of thyristors, it is proposed to use electro-

ferromagnetic circuits that have a wide negative region in their amplitude and phase characteristics [1-15]. 

The quality and reliability of thyristor devices largely depend on the rational choice of the control circuit. One of 

the important components of the control system for triode thyristors is the phase-shifting device. It is proposed to use a 

two-core electroferromagnetic circuit as such an element, which can simultaneously serve as an input device. 

The phase converter circuit consists of two identical three-winding transformers (Fig.1). 
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FIGURE 1. Two-core electroferromagnetic circuit 

 

The windings 𝑊1 = 𝑊2 = 𝑊 are connected in series-according to and powered by the sinusoidal source 𝑢1 =
𝑈1𝑚𝑠𝑖𝑛𝜔𝑡. Windings 𝑊3 = 𝑊4 = 𝑊, connected in series-opposition, are powered by another sinusoidal source 𝑢2 =
𝑈2𝑚sin⁡(𝜔𝑡 + 𝜓2). With this type of connection, there is no mutual connection between the primary and secondary 

circuits. We study the nature of the voltage phase change at the terminals of windings 𝑊5 = 𝑊6 = 𝑊 depending on 

the ratio of the amplitudes 𝑈1𝑚 and 𝑈2𝑚 and the value of the phase 𝜓2. Neglecting losses in the ferromagnetic elements 

and disregarding the nonlinearity of the magnetization curve, we have the following circuit equations: 

𝑢1 = 𝑊
𝑑Ф1

𝑑𝑡
+𝑊

𝑑Ф2

𝑑𝑡
      (1) 

𝑢2 = 𝑊
𝑑Ф1

𝑑𝑡
+𝑊

𝑑Ф2

𝑑𝑡
      (2) 

or                                                                  2𝑊
𝑑Ф1

𝑑𝑡
= 𝑢1 + 𝑢2;     2𝑊

𝑑Ф2

𝑑𝑡
= 𝑢1 − 𝑢2. 

Considering that we have 𝑊
𝑑Ф1

𝑑𝑡
= 𝑢3 and 𝑊

𝑑Ф2

𝑑𝑡
= 𝑢4. 

𝑢3 =
1

2
(𝑢1 + 𝑢2)       (3) 

𝑢4 =
1

2
(𝑢1 − 𝑢2)       (4) 

Knowing the law of variation of the source voltages, we obtain: 

𝑈3𝑚𝑠𝑖𝑛(𝜔𝑡 + 𝜓3) =
1

2
[𝑈1𝑚𝑠𝑖𝑛𝜔𝑡 + 𝑈2𝑚𝑠𝑖𝑛(𝜔𝑡 + 𝜓2)]  (5) 

𝑈4𝑚𝑠𝑖𝑛(𝜔𝑡 + 𝜓𝑢) =
1

2
[𝑈1𝑚𝑠𝑖𝑛𝜔𝑡 − 𝑈2𝑚𝑠𝑖𝑛(𝜔𝑡 + 𝜓2)]  (6) 

Here, 𝜓3 and 𝜓4 are the initial voltage phases on the output windings. From (5) and (6), after introducing 

dimensionless quantities and some transformations, we have: 

2𝑋3𝑚𝑐𝑜𝑠𝜓3 = 𝑗𝑋1𝑚 + 𝑋2𝑚𝑐𝑜𝑠𝜓2     (7) 

2𝑋2𝑚𝑐𝑜𝑠𝜓3 = 𝑋2𝑚𝑐𝑜𝑠𝜓2      (8) 

or                                                                  𝑡𝑔𝜓3 =
𝑋2𝑚𝑠𝑖𝑛𝜓2

𝑋1𝑚+𝑋2𝑚𝑐𝑜𝑠𝜓2
                 

(9) 

𝑋3𝑚 =
1

2
√𝑋1𝑚

2 + 𝑋2𝑚
2 + 2𝑋1𝑚𝑋2𝑚𝑐𝑜𝑠𝜓2  (10) 

Likewise 



𝑡𝑔𝜓4 =
𝑋2𝑚𝑠𝑖𝑛𝜓2

𝑋1𝑚−𝑋2𝑚𝑐𝑜𝑠𝜓2
  (11) 

𝑋4𝑚 =
1

2
√𝑋1𝑚

2 + 𝑋2𝑚
2 + 2𝑋1𝑚𝑋2𝑚𝑐𝑜𝑠𝜓2  (12) 

Where                                                        𝑋1𝑚 =
𝑈1𝑚

𝑈𝛿
;     𝑋2𝑚 =

𝑈2𝑚

𝑈𝛿
. 

For the case when 𝜓2 =
𝜋

2
, we have. 

𝑡𝑔𝜓3 =
𝑋2𝑚

𝑋1𝑚
;       𝑡𝑔𝜓4 =

𝑋2𝑚

𝑋1𝑚
;  (13) 

𝑋4𝑚 =
1

2
√𝑋1𝑚

2 + 𝑋2𝑚
2   (14) 

Based on the latest expressions, we will construct the dependencies 𝜓3 = 𝑓(𝑋2𝑚), 𝜓4 = 𝑓(𝑋2𝑚), 𝑋3𝑚 = 𝑓(𝑋2𝑚), 
when 𝑋1𝑚 = 𝐼 (Fig.2). 

  
a) b) 

  
c) d) 

FIGURE 2. Dependencies   𝑎)𝜓3 = 𝑓(𝑋2𝑚), 𝑐)𝜓4 = 𝑓(𝑋2𝑚), 𝑏)𝑋3𝑚 = 𝑓(𝑋2𝑚), 𝑑)𝑋1𝑚 = 𝐼  
 

As can be seen from the figures, the values of 𝜓3 and 𝜓4 vary from zero to 630, while 𝑋2𝑚 deviates from zero to 

2. If   𝜓2 =
𝜋

6
,   that: 

𝑡𝑔𝜓3 =
0,5𝑋2𝑚

𝑋1𝑚+0,866𝑋2𝑚
  (15) 

𝑡𝑔𝜓4 =
0,5𝑋2𝑚

𝑋1𝑚+0,866𝑋2𝑚
  (16) 

𝑋3𝑚 =
1

2
√𝑋1𝑚

2 + 𝑋2𝑚
2 + 2𝑋1𝑚𝑋2𝑚 ∙ 1,73  (17) 



𝑋4𝑚 =
1

2
√𝑋1𝑚

2 + 𝑋2𝑚
2 + 2𝑋1𝑚𝑋2𝑚 ∙ 1,73  (18) 

As can be seen from Fig. 2, in this case a wider range of phase 𝜓4 variation is observed. Here we considered the 

phase relationships for a fixed value of 𝜓2, obtained when the primary and secondary windings are powered from 

different phases of a three-phase voltage system. 

Thus, the considered circuit can serve as a phase-shifting device, distinguished from known ones by the absence 

of a resistive element, the relative simplicity of the electrical circuit, the sinusoidal nature of the output voltage, and 

the lack of moving parts. 

Phase shifting can be achieved using a two-core electroferromagnetic circuit when the oppositely connected 

secondary windings are short-circuited through a capacitor. At the same time, there is no need for a reference voltage, 

which was provided for in the circuit considered in the previous paragraph. In addition, the possibility arises to change 

the voltage phase on ferromagnetic elements over a wide range of applied voltage magnitudes. This property of the 

circuit is currently used to create single-phase to three-phase and single-phase to two-phase phase converters. 

As shown by the studies of several authors, when creating various thyristor stabilizing devices, a certain law for 

changing the phase of the control signal is required, depending on the variation of the load resistance and the magnitude 

of the input voltage. These requirements can be met by the nature of the voltage phase change at the terminals of the 

ferromagnetic element of a two-core electro-ferromagnetic resonant circuit, constructed with a coupling reactive 

element between the primary and secondary circuits. Figure 3 shows a diagram of a two-core electroferromagnetic 

circuit with capacitive coupling between the primary and secondary circuits. Here, R is a constant active resistance 

that accounts for losses in the electro-ferromagnetic circuit. 
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FIGURE 3. Two-core electro-ferromagnetic 

oscillatory circuits with capacitive coupling between 

the primary and secondary circuits 

FIGURE 4. Asymmetrical circuit of two-core electro-

ferromagnetic resonant circuits 

 

The equation of the oscillatory circuit, consisting of a capacitance and the secondary windings of ferromagnetic 

elements, has the following form: 

𝑊
𝑑2Ф1

𝑑𝑡2
−𝑊

𝑑2Ф2

𝑑𝑡2
−

𝑖𝑐

𝐶
= 0      (19) 

When formulating the equilibrium equation, the identity of the ferromagnetic elements was taken into account. By 

approximating the magnetization curve of the cores with a power function, we obtain: 

𝑖1𝑊 + 𝑖2𝑊 = 𝐾Ф1
𝑛     (20) 

𝑖1𝑊 + 𝑖2𝑊 = 𝐾Ф2
𝑛     (21) 

𝑖𝑐𝑏 = 𝑖1 + 𝑖2 + 𝑖𝑐 

𝑖𝑟 =
𝑊𝑑

𝑅𝑑𝑡
= (Ф1Ф2)     (22) 



𝑊
𝑑2Ф1

𝑑𝑡2
+𝑊

𝑑2Ф2

𝑑𝑡2
=
𝑖𝑐𝑏
𝐶𝑐𝑏

+
𝑖𝑐
𝐶

 

𝑖𝑐 =
𝐶

𝐶+𝐶𝑐𝑏
[𝐶𝑐𝑏𝑊

𝑑2Ф1

𝑑𝑡2
+ 𝐶𝑐𝑏𝑊

𝑑2Ф2

𝑑𝑡2
−

𝑊𝑑

𝑅𝑑𝑡
(Ф1Ф2) −

𝐾

2𝑊
(Ф1

𝑛Ф2
𝑛)]  (23) 

From (19) and taking into account (23), we obtain. 

𝑑2Ф1

𝑑𝑡2
− 𝛾

𝑑2Ф2

𝑑𝑡2
+

𝐾

2𝑊2𝐶
(Ф1

𝑛−Ф2
𝑛) +

1

𝑅𝐶

𝑑

𝑑𝑡
(Ф1−Ф2) = 0   (24) 

where 

𝛾 =
𝐶+2𝐶𝑐𝑏

𝐶
      (25) 

We introduce the following dimensionless parameters: 

𝑥1 =
Ф1

Ф𝛿
;    𝑥2 =

Ф2

Ф𝛿
;    𝜏 = 𝜔𝑡;     (26) 

𝛿 =
1

𝑅𝜔𝐶
;      Ф𝛿 = √

2𝜔2𝑊𝐶

𝐴𝐾

𝑛−1
 

From (24), we obtain: 

𝑑2𝑥1

𝑑𝑡2
− 𝛾

𝑑2𝑥2

𝑑𝑡2
+

1

𝐴
(𝑥1

𝑛−𝑥2
𝑛) + 𝛿

𝑑

𝑑𝑡
(𝑥1−𝑥2) = 0   (27) 

To solve equation (27), we use the method of accounting for the fundamental harmonic. We assume that: 

𝑋1 = 𝑋1𝑚𝑠𝑖𝑛𝜏;     𝑥 = 𝑋2𝑚sin⁡(𝜏 + 𝜑)    (28) 

Then 

𝑥𝑛 = 𝑋1𝑚
𝑛 (𝐴𝑠𝑖𝑛𝜏 − 𝐴̇𝑠𝑖𝑛3𝜏 + 𝐵𝑠𝑖𝑛5𝜏 − 𝐶𝑠𝑖𝑛7𝜏 +⋯ )  (29) 

𝑥2
𝑛 = 𝑋2𝑚

𝑛 [𝐴𝑠𝑖𝑛(𝜏 + 𝜑) − 𝐴̇𝑠𝑖𝑛(3𝜏 + 3𝜑) − 𝐵𝑠𝑖𝑛(5𝜏 + 5𝜑) +⋯ ]  (30) 

Substituting (28), (29), and (30) into (27) for the fundamental harmonic of the magnetic flux, we obtain: 

−𝑋1𝑚𝑠𝑖𝑛𝜏 + 𝛾𝑋2𝑚𝑠𝑖𝑛(𝜏 + 𝜑) + 𝑋1𝑚
𝑛 𝑠𝑖𝑛𝜏 − 𝑋2𝑚

𝑛 (𝜏 + 𝜑) + 𝛿𝑋1𝑚 

𝑐𝑜𝑠𝜏 − 𝛿𝑋2𝑚𝑐𝑜𝑠𝜏 − 𝛿𝑋2𝑚 cos(𝜏 + 𝜑) = 0 

After separating the sine and cosine components, we obtain: 

𝑎 = 𝑏𝑐𝑜𝑠𝜑 + 𝑋2𝑚𝑠𝑖𝑛𝜑 

𝑋1𝑚 = −𝑏𝑠𝑖𝑛𝜑 + 𝑋2𝑚cos⁡ 𝜑    (31) 

where 

𝑎 =
1

𝛿
(𝑋1𝑚 − 𝑋1𝑚

𝑛 )     (32) 

𝑏 =
1

𝛿
(𝛾𝑋2𝑚 − 𝑋2𝑚

𝑛 )     (33) 

 

From the system of equations, we have: 

𝑎2 + 𝑋1𝑚
2 = 𝑏2 + 𝑋2𝑚

2      (34) 

𝑡𝑔𝜑 =
𝑎𝑋2𝑚−𝑏𝑋1𝑚

𝑋1𝑚𝑋2𝑚+𝑎𝑏
     (35) 

Considering that 

𝑢 = 𝑊
𝑑Ф1

𝑑𝑡
+𝑊

𝑑Ф2

𝑑𝑡
 

We can write 



𝑦 =
𝑑𝑥1
𝑑𝜏

+
𝑑𝑥2
𝑑𝑡

 

where  

𝑦 =
𝑢

𝑢𝛿
;     𝑢 = 𝑊𝜔ф𝛿      (36) 

By substituting (28) into (36) and assuming 𝑦 = 𝑌𝑚 sin(𝜏 + 𝜓), after some transformations, we obtain: 

𝑌𝑚 = √(𝑋1𝑚 + 𝑋2𝑚𝑐𝑜𝑠𝜑)
2 + 𝑋2𝑚

2 𝑠𝑖𝑛2𝜑 

𝑡𝑔𝜑 =
𝑋2𝑚𝑠𝑖𝑛𝜑

𝑋1𝑚+𝑋2𝑚𝑐𝑜𝑠𝜑
     (37) 

𝑏 = 𝑓(𝑋2𝑚) 

To solve the system of equations (31), the previously proposed graphical method can be used. We plot the 

dependencies 𝑎 = 𝑓(𝑋1𝑚) and 𝑏 = 𝑓(𝑋2𝑚) (Fig.5), using the values of 𝑋1𝑚 and 𝑋2𝑚. The value of angle 𝜑 is 

determined by the angle between two rays drawn through the points of intersection of the circle with curves 𝑎 =
𝑓(𝑋1𝑚) and 𝑏 = 𝑓(𝑋2𝑚). Based on the graphical construction, the values of the other desired quantities 𝑈𝑚, 𝜓1 and 

𝜓2 can be determined, which respectively characterize the applied voltage, the phase of the first ferromagnetic 

element, and the phase of the second ferromagnetic element. 

 
FIGURE 5. Dependencies 𝑎 = 𝑓(𝑋1𝑚) and 𝑏 = 𝑓(𝑋2𝑚) 

 

Figures 6 and 7 show the nature of the changes in the magnetic fluxes of the ferromagnetic elements depending on 

the applied voltage. The initial parts of the characteristics correspond to the combination of points of segments 𝑂𝐴1, 

𝑂𝐴2 of curves 𝑎 = 𝑓(𝑋1𝑚) and 𝑏 = 𝑓(𝑋2𝑚) in Fig.5. On the characteristics 𝑋1𝑚 = 𝑓(𝑌𝑚) and 𝑋2𝑚 = 𝑓(𝑌𝑚), the 

segment 1-2 corresponds to the combination of points from the segments 𝑂𝐴1 and 𝑂𝐴2; the segment 2-3 corresponds 

to the combination of points from the segments 𝑂𝐴1 and 𝐵1𝐶1; the segment 4-5 corresponds to the combination of 

points from the segments 𝐶1𝐶1
1 and 𝐴2

1𝐵2; and the segment 5-6 corresponds to the combination of points from the 

segments 𝐶1𝐶1
1 and 𝐵2𝐶2. 



  
FIGURE 6. Dependencies 𝑋1𝑚 = 𝑓(𝑌𝑚) FIGURE 7. Dependencies 𝑋2𝑚 = 𝑓(𝑌𝑚) 

 

Figure 8 shows the nature of the changes in the phases of the magnetic fluxes of the ferromagnetic elements 

depending on the applied voltage, when autoparametric oscillations at the fundamental harmonic are excited in the 

system. 

  
a) b) 

FIGURE 8. Dependencies a)Ψ=f(Уm); b)Ψ2=f(Уm) 

CONCLUSIONS 

From these curves, it can be seen that in the system excitation zone, there is a wide range of variation of Ψ1 and 

Ψ2 when the input voltage deviates. In this voltage interval, the angle changes within the range from zero to 1500. This 

feature of the circuit can be utilized in the creation of a single-phase to three-phase converter and a phase-shifting 

device in the control circuit of triode thyristors. 
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