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Abstract 

 

This study investigates the influences of different core parameters on the dynamic performances, such as rise time and 
overshoot, in pulse transformers for the triggering circuit of SCRs. First, a simplified transformer equivalent circuit, which 
emerges from a standard transformer equivalent circuit, is developed to analyze the step response. Second, the relations between 
the dynamic performances and the parasitic parameters are calculated by the simplified equivalent circuit. Third, the variations of 
rise time and overshoot, which are vital to the stability of triggering SCRs, with different core parameters, such as mechanic 
dimensions and topologies, are comprehensively investigated by analyzing the parasitic parameters. Finally, prototype 
transformers are fabricated to experimentally validate the analysis. The presented method can practically instruct the design of a 
pulse transformer for triggering SCRs. 
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I. INTRODUCTION 

Pulse transformers are widely utilized in many fields, such 
as industrial high-power system and nuclear physics 
engineering. In the application of an industrial high-power 
converter, the isolation component, which is used to transmit 
the control signal to the high voltage side, is either the 
photoelectric or electromagnetic method. The photoelectric 
method is extensively applied in many apparatus; however, it 
is more complicated compared with the electromagnetic 
method [1]-[4] since the independent power supply must be 
set in each SCR block. Currently, the electromagnetic method 
is an optimal solution for this issue because of its cost, 
maintainability, and miniaturization. 

The scheme of the electromagnetic method is shown in Fig. 1. 
The secondary side (high-voltage side) of the pulse transformer 
is connected to the gate of an SCR, and a pulse source, which 
is controlled by the logic circuit in the low-voltage side, is 
connected to the primary side of the transformer [5]. Then, 

the isolated triggering signal is transferred to the gate of the 
SCR through the transformer without any extra power supply. 

The analyses of hysteresis and the accuracy of the current 
transformer, which is used to measure the component of the 
power system, are presented in [6]-[9]. Although the current 
transformer is more similar to the pulse transformer, these 
analyses are difficult to apply in analyzing the pulse 
transformer since they mainly focus on output accuracy and 
magnetic saturation. In [10]-[12], the secondary loads in the 
analysis are high-power klystrons or magnetrons. In these 
papers, the pulse transformers are mostly microsecond 
transformers, which apparently do not satisfy the requirement 
of the triggering SCR that needs a nanosecond one. Therefore, 
an analysis on the pulse transformer used in the 
electromagnetic trigger of SCRs is practically significant. 

Since the dynamic performances of the pulse transformer are 
the key factors to SCR triggering, the present study first 
analyzes the requirements of a prototype SCR and its triggering 
pulse waveform. On the basis of the characteristics of stability 
in triggering SCRs [13], [14], the key parameters of the pulse 
transformer are determined from the requirements. A 
simplified equivalent circuit based on the standard equivalent 
circuit of the pulse transformer is analyzed. Then, an 
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Fig. 1. Scheme of the electromagnetic trigger. 

 
analytical method for predicting the parasitic parameters, 
which determine the dynamic performances, with various 
core parameters and topologies is proposed. Thus, this paper 
comprehensively discusses the influences of the core 
parameters and topologies on the dynamic performances, and 
relevant measurements are presented to validate the analysis. 

 

II. PULSE SHAPE AND EQUIVALENT CIRCUITS 

In the applications of triggering SCR, the SCR turn-on 
depends on the amount of energy that can be safely dissipated 
in the region where switching is initiated, and a 
quasirectangular current pulse is demanded by the structural 
characteristics. A typical gate current pulse [15], [16] is 
shown in Fig. 2, and the gate current specifications for 
5STP04D4200 are shown in Table I. According to the table, 
rise time and overshoot (peak current) are the crucial factors 
for triggering SCRs; specifically, dependable triggering 
means pulse energy is safely dissipated in a certain region. 
The experimental results presented by relevant papers 
indicate that only the overshoot (peak current) affects the 
magnitude of the anode current, di/dt. Although the rise time 
of the triggering pulse is insignificant for controlling anode 
current di/dt, it can lower the switching losses and improve 
the robustness of triggering. 

In practice, obtaining an equivalent circuit for pulse 
transformers is a practical method for designing a prototype 
transformer. The waveform of the output current needs a 
quasi-rectangular curve. However, it contains a wide 
frequency spectrum. To transfer the current pulse with a 
minimum pulse distortion, especially during the rising stage, 
a maximum bandwidth is achieved, which means that the 
parasitic parameters should be minimized [17], [18]. 

 
Fig. 2. Typical waveform of gating current pulse. 

 
TABLE I 

SPECIFICATIONS OF GATING CURRENT FOR 5STP04D4200 

Quantity Value 

Peak forward gate current (IFGM) 10 A 

Continuous pulse current (IGon) ≤ 400 mA 

Rate of gate current (dig/dt) ≥ 2 A/μs 

Width of gate pulse current (tp) 5–20 μs 
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Fig. 3. Equivalent circuit of pulse CT. (a) IEEE standardized 
equivalent circuit. (b) Simplified equivalent circuit. 

 
The IEEE standardized equivalent circuit of the pulse 

transformer is shown in Fig. 3(a) [19]. To simplify the 
analysis on the transient behavior with a quasi-rectangular 
current pulse, the standardized equivalent circuit can be 
simplified, as shown in Fig. 3(b). This simplified equivalent 
circuit can only be used for transient analysis during the 
rising edge if n>>1 [20]. Consequently, all impedances and 
the input source are transferred to the secondary, and the 
standardized transformer model can be ignored. In the 
following, all measured impedances are referred to the 
secondary if nothing mentioned. Since the pulse rise time ௥ܶ 
is within 100 ns and no excitation of the core occurs due to 
the small current-time-product, the influence of the core 
material (i.e. ௙ܴ௘ and ܮ௠௔௚) can be ignored during the rise 
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time. Even if the core resistance ௙ܴ௘  is considered, it is 

connected in parallel to the load resistance, which is ܴ௟௢௔ௗ = 
10 Ω in this case if it refers to the secondary or ܴ௟௢௔ௗ,௣௥௜ = 1 

mΩ if it refers to the primary and the turns ratio is set to 100. 
Similarly, the load resistance ܴ௟௢௔ௗ  is smaller than the 
resistance of the core material, which is ௙ܴ௘ ≈ 0.5 Ω on the 

primary. 
According to the simplified circuit, rise time and overshoot 

are mainly affected by the leakage inductance ܮఙ and the 
equivalent capacitance 	ܥௗ . During the rising stage, the 
transfer function of the simplified circuit is described as 

 
1

2 1l d l
l d
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. (1) 

Assuming an ideal step current signal in the primary, the 
secondary output current ݅௢௨௧  can be calculated with the 
inverse Laplace transform as follows: 
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where the damping coefficient σ, which is extracted from (2), 
is defined as 

 2
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As (3) describes, damping coefficient σ mainly depends on 
the internal resistance of the pulse source and the transformer 
characteristics. Even though a specific damping coefficient σ 
can be calculated by (3), its practicability is extremely limited 
when only the relation between the output pulse shape and 
the transformer characteristics is considered. Thus, the 
assumption is that the damping coefficient σ considers only 
the influence of the pulse transformer (the internal resistance 
of the pulse source is neglected), and (3) can be simplified to 

1

2 load d

La

R Cb
   .             (4) 

The normalized output current curves for the step transient 

response is shown in Fig. 4 at T = √௕ଶగ ݐ . The decreasing 

damping coefficient σ leads to faster rise time ௥ܶ. Starting 
from σ < 1, an overshoot is emerged. Therefore, to achieve a 
minimum rise time ௥ܶ, the damping coefficient σ should be 
minimal, while the resulting overshoot should be below the 
maximum gate current of the SCR. The overshoot may be 
calculated by 

(%) 1 ia kovershoot e   .          (5) 

As (3) and (4) describe, the damping coefficient σ is 
determined by the parameters, such as leakage inductance	ܮఙ, 
equivalent capacitance ܥௗ, source internal resistance ܴ௚, and 

load resistance ܴ௟௢௔ௗ, which is a fixed value for a certain 

 
Fig. 4. Normalized rise time for step response. 

 
type of SCR. Furthermore, the rated anode current directly 
determines the magnitude of the current pulse. In addition to 
the overshoot, the rise time ௥ܶ can be calculated by 

ln /r

a k
T k

a k

 
    

.              (6) 

On the basis of (3) and (6), a small internal resistance and a 
high load resistance can achieve a fast rise time, a 
phenomenon that leads to an increase in rise time. Load 
resistance is normally a fixed value that cannot be adjusted. 
Thus, internal resistance, which is substantially related to the 
rise time with a fixed ܮఙܥௗ -product, should be fully 
considered. 

 

III. ANALYSIS 

The dynamic performances of the transformer can be 
varied by its parasitic parameters. According to [20], the 
mechanical dimensions of a transformer directly determines the 
ratio of leakage inductance ܮఙ and equivalent capacitance ܥௗ, 
which are the height and length of the winding, respectively. 
Moreover, the product of ܮఙ  and ܥௗ  is defined by the 
transformer topology. In practice, it demands both the 
smallest ܮఙܥௗ -product and the appropriate ܮఙܥௗ -ratio to 
achieve the optimal dynamic performance of pulse 
transformation. 

In the following, the three possible topologies for SCR 
triggering are comprehensively investigated, and the ܮఙܥௗ 
-product of the three topologies is analyzed by electromagnetic 
energy theory, which can calculate leakage inductance ܮఙ and 
equivalent capacitance ܥௗ  with the energy stored in the 
electromagnetic field. They are described by (6) and (7), 
respectively [21–23]. 
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where μ is the permeability of the magnetic core, ε is the 
permittivity of the gap between the bobbins, ܫ௣௥௜  is the 

primary winding’s current, ௣ܸ௥௜  is the primary winding’s 

voltage, and dV is the volume element in the magnetic core. 
To simplify the comparison, only the energies between the 
windings are considered. 

A. Toroidal Winding Type I 

Toroidal winding topology (type I) is widely used in the 
triggering circuit of high-voltage apparatus in which the 
series SCR is needed due to its special construction Fig. 5(a) 
whose primary winding crosses the center of the transformer. 

The leakage inductance ܮఙ and the equivalent capacitance ܥௗ  are defined by the mechanical dimensions of the 
transformer. For this topology [Fig. 5(b) and (c)], ܮఙ and ܥௗ 
are analyzed as follows. 

On the basis of Ampere’s law and assuming an ideal 
magnetic core material (μ = ∞), the magnetic field strength |ܪሬሬԦ| can be described by (8): |ܪሬሬԦ| 	= ே೛ೝ೔ூଶగோ೘                  (8) 

where Npri is the turns of the primary winding, and ܴ௠ is the 
magnetic path radius of the core. 

In [22], [23], the arithmetic average value is used as the 
equivalent value for magnetic field strength to simplify the 
calculation of inference. Magnetic field strength in the border 
of the core is described as |ܪ௜| = ஺ூସగோ೘,        (9) 

with A = ଵଵି ೝబೃ೘ ൅ ଵଵା ೝబೃ೘. 

The top and bottom of the stretched core are closed as 
shown in Fig. 5(c). Therefore, the integration path of 
magnetic strength is also closed. Assuming the current 
density ܬ  and the magnetic field strength ܪሺߩሻ  in the 
ribbons, then, the magnetomotive force is given by ∮ ݈݀|ܪ| = ׬ ሻ݈݀ߩሺܪ = ሻ݈௠௟೘଴ߩሺܪ ,     (10) 

with ܫ௖ = ሺ݄ܬ െ ሻ݈௠, Hሺρሻߩ = ௜ܪ ቀ1 െ ఘ௛ቁ. 

With Equations (10) and (6), the leakage inductance can be 
calculated by ܮఙ,௧௢௥௢௜ௗ௔௟ = ଶܫߤ න ቂܪ௜ ቀ1 െ ቁቃଶ௛ߩ݄

଴ ߩ௠ሺ݈ߨ2 ൅ = ߩ଴ሻ݀ݎ ஺మଶ ௣ܰ௥௜ଶ ߤߨ ௛௟೘ ቀ௥బଷ ൅ ௛ଵଶቁ.  (11) 

According to the structure of the transformer bobbins, a 
linear voltage distribution is assumed across the windings. 
The distribution is defined by 

௣ܸ௥௜ሺߠሻ = ௣ܸ௥௜; ௦ܸ௘௖ሺߠሻ = ఏଶగ ௦ܸ௘௖     (12) 

where ߠ is the reference angle. 
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Fig. 5. Toroidal winding type I. (a) Real product. (b) Analysis 
model. (c) Stretched analysis model. 

 

Therefore, the voltage difference between the primary and  
secondary winding depends on the angular position ߠ, i.e., ∆Vሺθሻ = ௦ܸ௘௖ሺߠሻ െ ௣ܸ௥௜ሺߠሻ. The electric field ܧሺߠሻ depends 

on the ߠ-position, that is, |ܧሺߠሻ| = ∆௏ሺఏሻ௥ = ሺ௡ఏିଶగሻଶగ௥ ௣ܸ௥௜.    (13) 

With Equations (13) and (7), the relation between the 
equivalent capacitance and electric field energy is defined by 

௘௟௘௖ܧ = 12 ߝ න න න ቆሺ݊ߠ െ ߨሻ2ߨ2 ௣ܸ௥௜ቇଶ ݎ1 ݎ݀ ߠ݀ ோ೘ݖ݀
ோబ

ଶగ
଴

ଶ௥బ
଴  

= ߝ2 ௣ܸ௥௜ଶ ଴πݎ ቀଵଷ ݊ଶ െ ݊ ൅ 1ቁ ሺlnܴ௠ െ lnܴ଴ሻ = ଵଶ ௗܥ ௣ܸ௥௜ଶ  (14) 

where n is the ratio of 
ேೞ೐೎ே೛ೝ೔, and ݎ଴ is the cross radius for the 

primary conductor. 
Then, the equivalent capacitance ܥௗ is calculated by ܥௗ,௧௢௥௢௜ௗ௔௟,௜ = ଴πݎߝ4 ቀଵଷ ݊ଶ െ ݊ ൅ 1ቁ ሺlnܴ௠ െ lnܴ଴ሻ.   (15) 

B. Toroidal Winding Type II 

Given that the primary winding is limited to only one turn, 
the magnetic field strength excited by the primary cannot be 
improved with a limited primary current. Thus, this topology 
is no longer suitable for triggering the high anode current 
SCR. The type II topology, as shown in Fig. 6(a), obviously 
satisfies SCR needs. However, the primary winding of this 
topology is difficult to install due to the primary wounds on 
the bobbins, which are the same as those of the secondary 
winding. Therefore, this topology is used in the triggering 
circuit of a high-power apparatus. 
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Fig. 6. Toroidal winding type II. (a) Real product. (b) Analysis 
model. 

 
In the following, the equivalent capacitance of this 

topology is mainly analyzed, as shown in Fig. 6 (b), because 
the analysis of the leakage inductance is the same as that of 
the toroidal winding type I. Then, a linear voltage distribution, 
the electric field ܧሺߠሻ, and the stored electric energy are 
described in (16) to (18), respectively. 

௣ܸ௥௜ሺߠሻ = ఏଶగ ௣ܸ௥௜; ௦ܸ௘௖ሺߠሻ = ఏଶగ ௦ܸ௘௖    (16) |ܧሺߠሻ| = ∆௏ሺఏሻ௥ ൎ ௡ఏଶగ௥ ௦ܸ௘௖           (17) 

௘௟௘௖ܧ = 12 ߝ න න න ൬݊ߨ2ߠ ௦ܸ௘௖൰ଶ ݎ1 ݎ݀ ߠ݀ ݖ݀ =ோ೘ାௗೢ/ଶ
ோ೘ିௗೢ/ଶ

ଶగ
଴

ଶ௥బ
଴  

ଶଷ ଴π݊ଶݎߝ ௦ܸ௘௖ଶ ሾ݈݊ሺܴ௠ ൅ ݀௪/2ሻ െ ݈݊ሺܴ௠ െ ݀௪/2ሻሿ = ଵଶ ௗܥ ∙ ௣ܸ௥௜ଶ   (18) 

The equivalent capacitance ܥௗ and the ܮఙܥௗ-product of 
the transformer are then expressed as follows: ܥௗ,௧௢௥௢௜ௗ௔௟,௜௜ = ସଷ ଴π݊ସሾ݈݊ሺܴ௠ݎߝ ൅ ݀௪/2ሻ െ ݈݊ሺܴ௠ െ ݀௪/2ሻሿ  (19) 

C. Parallel Winding 

Another classical parallel winding topology that is widely 
used in many fields should also be considered. The primary 
and secondary winding are wound on two parallel bobbins, 
whose clearances are defined by their need for electrical 
insulation. For this topology Fig. 7(a), ܮఙ  and ܥௗ  are 
analyzed as follows [21]. 

According to Ampere’s law and assuming an ideal 

magnetic core material (μ = ∞), the magnetic field strength ܪሬሬԦ 
can be described by (20). 

|ሬሬԦܪ|  = ୒೛ೝ೔୍௛ೖ                  (20) 

where ௣ܰ௥௜ is the turns of the primary winding, and ܴ௠ is 

the magnetic path radius of the core. 
With (20) and (6), the stored magnetic energy ܧ௠௔௚ 

between the windings can be approximately calculated by 
(21), and ݈௪ is the depth of the transformer core. ܧ௠௔௚ = ଵଶ ൫ߤ ௣ܰ௥௜ܫ൯ଶ ௟ೢௗೢ௛ೖ = ଵଶ  ଶ        (21)ܫఙܮ

The leakage inductance ܮఙ,௣௔௥௔௟௟௘௟ is 

ఙ,௣௔௥௔௟௟௘௟ܮ  = ߤ ே೛ೝ೔మ௟ೢௗೢ௛ೖ .             (22) 

       

H
Wsec

Vpri

Wpri

Vsec

dw

hk hw

 
(a)                         (b) 

Fig. 7. Parallel winding. (a) Real product. (b) Analysis model. 
 
According to the bobbin structure of the transformer, a 

linear voltage distribution is assumed across the windings. 
The distribution is defined by ௣ܸ௥௜ሺݕሻ = ௬௛ೢ ௣ܸ௥௜;   ௦ܸ௘௖ሺݕሻ = ௬௛ೢ ௦ܸ௘௖    (23) 

where ݕ is the reference height. 
Therefore, the voltage difference between the primary and 

secondary winding depends on the angular position ߠ, i.e., ∆Vሺyሻ = ௦ܸ௘௖ሺݕሻ െ ௣ܸ௥௜ሺݕሻ. The electric field ܧሺݕሻ depends 

on the ݕ-position, that is, |ܧሺݕሻ| = ∆௏ሺ௬ሻௗೢ = ൣ௏೛ೝ೔ሺ௡ିଵሻ൧௬ௗೢ௛ೢ ൎ ௏ೞ೐೎∙௬ௗೢ௛ೢ.        (24) 

With Equations (24) and (7), the relation between the 
equivalent capacitance and the electric field energy is defined 
by 

௘௟௘௖ܧ = 12 ߝ න න න ൬ ௦ܸ௘௖ ∙ ௪݄௪݀ݕ ൰ଶ ݔ݀ ݕ݀ ௗೢݖ݀
଴

௛ೢ
଴

௟ೢ
଴  

= ଵ଺ ߝ ௦ܸ௘௖ଶ ∙ ቀ௟ೢ௛ೢௗೢ ቁ = ଵଶ ௗܥ ∙ ௣ܸ௥௜ଶ .        (25) 

Then, the equivalent capacitance, ܥௗ, is calculated by ܥௗ,௣௔௥௔௟௟௘௟ = ଵଷ ଶ݊ߝ ቀ௟ೢ௛ೢௗೢ ቁ.            (26) 

D. Efficiency 

The efficiency of the pulse transformer generally exceeds 
95%. The losses in the transformer are negligible if only one 
transformer exists in the triggering circuit. However, the 
triggering circuit is equipped with several transformers (the 
specific number is dependent of the series of the SCRs). 
Therefore, the losses cannot be ignored in the analysis. 

In this paper, the cross-section of the core is circular, while 
the primary and secondary winding resistances Rcu1 and Rcu2 
are defined by 

1,2 0
1,2

2
cu

N r
R

S

 
                (27) 

where ρ is the winding coil resistivity, S is the cross-section 
area of the winding coil, and N1,2 is the turns of the primary or 
secondary winding. 

Based on the handbook of the transformer, the equivalent 
resistance of the iron loss Rfe is given by 

2

11.3 pr
f

i m
fee

N I
R C f G

l

 
  

 

           (28) 
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where Cfe is the coefficient to the core material, which can be 
obtained from the handbook; f is the supply frequency; G is 
the core weight; Im is the magnetizing current; μ1 is the core 
permeability; and l is the average length of the magnetic 
circuit. 

In (27) and (28), the key component parameters in the 
equivalent circuit are proposed, and the total loss and 
efficiency in the transformer may be obtained. 

E. Design Criteria 

To calculate accurately, the parameters of the source and 
load should be considered. In practical applications, the pulse 
generator is connected to the primary side, and the load is 
connected to the secondary winding. Thereafter, a certain 
inductanceܮ௚௘௡  or capacitance ܥ௟௢௔ௗ  occur and should be 

considered during the rise time and overshoot. In this design, 
the typical values of SCR are in the range of ܥ௟௢௔ௗ = 100–
1000 pF. Hence, Equation (4) should be extended to 

1
σ

2
gen

load d load

L La

R C Cb

  


.          (29) 

 

IV. SIMULATIONS AND VALIDATIONS 

The prototype transformers are fabricated, and each 
winding topology is used with various physical dimensions to 
test the object in the validation. The experimental circuit, as 
shown in Fig. 8, consists of a Schottky diode ܦଵ , a 
5STP04D4200 SCR ܦଶ, and an ultra-low inductance resistor ܴௌ. In the measurement, the voltage magnitude of ܴௌ, which 
can be transferred to the current magnitude, is observed with 
an oscilloscope. The specifications of the instruments are 
presented in Table II. 

The analytically predicted rise time, overshoot, and 
efficiency are provided in Figs. 9 to 12, and the main 
parameters of the prototype transformers are listed in Table III. 
The comparisons of the different values of the core 
cross-section radius or winding height are presented in these 
figures, which show the tendency of the dynamic performance 
with the variation of the core dimension or winding height. 

In Fig. 9(a), the curves, which represent the different 
values of the core cross-section radius, rapidly decrease with 
the increasing core radius. This outcome basically conforms 
with the analytical results, since the reduction of the leakage 
inductance and the increase of the equivalent capacitance are 
augmented, while the core radius of the transformer increases. 
This phenomenon leads to a relatively shorter rise time. In 
Fig. 9(b), the curve trend is reversed since a short rise time 
causes a high overshoot, a trend that is consistent with Fig. 4. 
In Figs. 10 and 11, the curve trends are basically the same as 
in Fig. 9, and these analytical results are verified by 
measurements. In Fig. 12, the efficiency increases with the 
magnetic path length because the larger length will lower the 
flux density Rfe. 

  is

D1

D2

RS

 
Fig. 8. Experimental circuit. 
 

TABLE II 
LIST OF EXPERIMENTAL EQUIPMENT 

Item Type 

Oscilloscope GWINSTEK GDS-2102E 

Signal generator  SUIN TFG1920B 

DC supply  HUAWEI HD4825-2 

Voltage probe  Tektronix TPP0201 

Resistor  DALE 0.05R/5W  

Oscilloscope GWINSTEK GDS-2102E 

 

 
(a) 

 
(b) 

Fig. 9. Toroidal winding Type I. (a) Rise time. (b) Overshoot. 
 

 
(a) 

 
(b)  

Fig. 10. Toroidal winding Type II. (a) Rise time. (b) Overshoot. 
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TABLE III 
MAIN PARAMETERS OF PROTOTYPE TRANSFORMERS 

Symbol Quantity Toroidal I Toroidal II Parallel Unit 

N Turns ratio 200 200 200  

Npri Turns of primary 1 5 10  

Nsec Turns of secondary 200 1000 2000  

r0 Radius of core cross-section 15, 24, 28 22, 28 -- mm 

dw 
Gap length between the primary and 
secondary winding 

-- 1.5, 3 5, 7, 10 mm 

Rm Radius of toroidal core 35, 45, 55 35, 45, 55 -- mm 

hw Height of parallel winding core -- -- 32, 60, 87 mm 

 Core materials Si-Fe Si-Fe Si-Fe  

I1 Rated pulse current 400 400 400 A 

f Rated pulse frequency 20 20 20 kHz 

 

  
(a)  (b) 

Fig. 11. Parallel winding. (a) Rise time. (b) Overshoot. 
 

   
(a)  (b) 

Fig. 12. Efficiency. (a) Toroidal winding I and II. (b) Parallel winding. 
 

V. CONCLUSIONS 

This paper briefly introduces the application of the 
triggering circuits of SCRs and the specifications of the 
triggering current pulse. According to this application, a 
simplified equivalent circuit is presented by extracting the 
standard equivalent circuit of the pulse transformer, which 
ignores the influence of some passive components that only 
affect the steady-state performance. The relation between 
dynamic performance, such as rise time and overshoot, and 
parasitic parameters is discussed by the analytical method. 
Furthermore, this investigation can aid in the design of the 
pulse transformer, improve the performance for triggering 
SCRs, and lower manufacturing cost. 

ACKNOWLEDGMENT 

This work was fully supported by the National Natural 
Science Foundation of China through Project Nos. 51377009 
and 51777009. 

 

REFERENCES 

[1] D. M. Raonic, “SCR self-supplied gate driver for medium- 
voltage application with capacitor as storage element,” 
IEEE Trans. Ind. Electron., Vol. 36, No. 1, pp. 212-216, 
Jan. 2000. 

[2] M. J. Johanson-Brown, “Thyristor Trigger Circuits,” U.S. 
Patent 3502910, Mar. 24, 1970. 

[3] D. E. Piccone, I. Somos, “Thyristor Turn-ON Circuits,” 

0.02 0.04 0.06 0.08 0.10
9.0

9.2

9.4

9.6

9.8

dw=10 mm

dw=7 mm

dw=5 mm

  Calc.

 Meas. d
w
=5 mm

 Meas. d
w
=7 mm

 Meas. d
w
=10 mm

R
is

e 
ti

m
e 

(n
s)

Winding height (m)
0.02 0.04 0.06 0.08 0.10

130

140

150
dw=5 mm

dw=7 mm

dw=10 mm

  Calc.

 Meas. d
w
=5 mm

 Meas. d
w
=7 mm

 Meas. d
w
=10 mmO

ve
rs

ho
ot

 (
%

)

Winding height (m)

0.03 0.04 0.05 0.06
60

70

80

90

100

Toroidal II

Toroidal I

 Calc. Toroidal I

 Calc. Toroidal II

 Meas. Toroidal I

 Meas. Toroidal II

E
ff

ic
ie

nc
y(

%
)

Core radius (m) 0.02 0.04 0.06 0.08 0.10
40

60

80

100

 Calc. Parallel

 Meas. Parallel

Winding height (m)

E
ff

ic
ie

nc
y(

%
)



Investigation of Rise Time and Overshoot in Pulse Transformers with …                    909 
 

U.S. Patent 3713101, Jan. 23, 1973. 
[4] N. Hylten-Cavallius, C. I. Boksjo, and S. E. Lindblad, 

“Firing Circuit for Series-Connected Controlled 
Semiconductor Rectifiers,” U.S. Patent 3593038, Aug. 13, 
1965. 

[5] X. Xie, J. Liu, F. Poon, and M. Pong, “A novel high 
frequency current-driven synchronous rectifier applicable 
to most switching topologies,” IEEE Trans. Power 
Electron., Vol. 16, No. 5, pp. 635-647, Sep. 2001. 

[6] A. Wiszniewski, W. Rebizant, and L. Schiel, “Correction 
of current transformer transient performance,” IEEE Trans. 
Power Del., Vol. 23, No. 2, pp. 624-632, Apr. 2008. 

[7] Rezaei-Zare, R. Iravani, M. Sanaye-Pasand, H. Mohseni, 
and S. Fahangi, “An accurate current transformer model 
based on preisach theory for the analysis of electromagnetic 
transients,” IEEE Trans. Power Del., Vol. 23, No. 1, pp. 
233-242, Jan. 2008. 

[8] U. D. Annakkage, P. G. Mclaren, E. Dirks, R. P. Jayasinghe, 
and A. D. Parker, “A current transformer model based on 
the Jiles-Atherton theory of ferromagnetic hysteresis,” 
IEEE Trans. Power Del., Vol. 15, No. 1, pp. 57-61, Jan. 2000. 

[9] F. C. Guerra and W. S. Mota, “Current transformer model,” 
IEEE Trans. Power Del., Vol. 22, No. 1, pp. 187-194, Jan. 
2007. 

[10] J. Biela, D. Bortis, and J. W. Kolar, “Analytical modeling 
of pulse transformers for power modulators,” in IEEE 27th 
IPMS, pp. 135-140, 2006. 

[11] J. S. Oh, M. H. Cho, W. Namkung, K. H. Chung, T. 
Shintake, and H. Matsumoto, “Rise time analysis of pulsed 
klystron-modulator for efficiency improvement of linear 
colliders,” Nuclear Instruments and Methods in Physics 
Research section A, Vol. 443, No. 2-3, pp. 223-230, Apr. 
2000. 

[12] D. Bortis, J. Biela, and J.W. Kolar, “Transient behavior of 
solid-state modulator with split core transformer,” in IEEE 
PPC, pp. 1396-1401, 2009. 

[13] L. Hudgins and W. M. Portnoy, “Gating effects on thyristor 
anode current di/dt,” IEEE Trans. Power Electron., Vol. 2, 
No. 2, pp. 149-153, Apr. 1987. 

[14] K. Peter, W. Rik, and D. Doncker, “'Optimized gate drivers 
for internally commutated thyristors,” IEEE Trans. Ind. 
Electron., Vol. 45, No. 2, pp. 836-842, Mar. 2009. 

[15] B. Kim, C. K. Kwang, and H. Eiki, “Study of switching 
characteristics of static induction thyristor for pulsed power 
applications,” IEEE Trans. Plasma Sci., Vol. 39, No. 3, pp. 
901-905, Jan. 2011. 

[16] Gate-drive Recommendations for Phase Control and 
Bi-Directionally Controlled Thyristors, ABB Switzerland 
Ltd., Switzerland, 2013. 

[17] T. H. O’dell, “Design of a pulse-current transformer,” 
Electron. Lett., Vol. 16, No. 5, pp. 369-370, Aug. 1969. 

[18] H. W. Lord, “Pulse Transformers,” IEEE Trans. Magn., 
Vol. 7, No. 1, pp. 17-28, Mar. 1971. 

[19] IEEE Standards for Pulse Transformers, ANSI/IEEE Std. 
390, 1987. 

[20] MIT Radiation Laboratory, Pulse Generators, McGraw- 
Hill, 1948. 

[21] D. Bortis, J. Biela, and G. Ortiz, “Design procedure for 
compact pulse transformers with rectangular pulse shape 
and fast rise times,” IEEE Trans. Dielectr. Electr. Insul., 
Vol. 18, No. 4, pp. 1171-1179, Aug. 2011. 

[22] A. J. Binnie and T. R. Foord, “Leakage inductance and 
interwinding capacitance in toroidal ratio transformers,” 
IEEE Trans. Instrum. Meas., Vol. 26, No. 4, pp. 307-314, 
Dec. 1967. 

[23] Hernandez, F. Leon, and P. Gomez, “Design formulas for 
the leakage inductance of toroidal distribution 
transformers,” IEEE Trans. Power Del., Vol. 26, No. 4, pp. 
2197-2204, Jun. 2011. 

 
 
 
 

Gang Lv received his Ph.D. degree in Electric 
Machine and Driven from Beijing Jiaotong 
University, Beijing, China, in 2007. From 
2007 to 2009, he was a postdoctoral research 
fellow with the Technology Center, CRRC 
Qingdao Sifang Locomotive and Rolling 
Stock Co., Ltd., Qingdao, China. In 2007, he 
joined the School of Electrical Engineering, 

Beijing Jiaotong University, where he is currently an associate 
professor. His research interests include the application, control, 
and design of linear machines and drives and the analysis and 
control of ac traction machines. 
 
 
 

Dihui Zeng received his M.Eng. degree in 
Mechatronic Engineering from China 
University of Mining and Technology, 
Beijing, China, in 2013. From 2013 to 2015, 
he was a Hardware Engineer with CRRC 
Zhuzhou Locomotive Institute Co., Ltd., 
Zhuzhou, China. He is currently working 
toward his Ph.D. degree in Electric Machine 

and Driven in Beijing Jiaotong University, China, where he has 
been engaged in linear motors. 
 
 
 

Tong Zhou received his B.Eng. degree in 
Electrical Engineering from Qingdao 
University, Shandong, China, in 2013. He is 
currently working toward his Ph.D. degree 
in Electric Machine and Driven in Beijing 
Jiaotong University, China, where he has 
been engaged in the design and analysis of 
linear machines. 

 
 
 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


