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Abstract—In this paper, the performance of a medium power (25 

kW/25 kHz) hybrid inverter with a reactive transformer is 
investigated. To analyze the sensitivity of the inverster, the RSM 
technique is employed to manifest the effective factors in the inverter 
to minimize current passing through the Insulated Bipolar Gate 
Transistors (IGBTs) (current stress). It is revealed that the ratio of the 
axillary inductor to the effective inductance of resonant inverter (N), 
is the most effective parameter to minimize the current stress in this 
type of inverter. In practice, proper selection of N mitigates the 
current stress over IGBTs by five times. This reduction is very 
helpful to keep the IGBTs at normal temperatures. 
 

Keywords—Analytical analysis, hybrid resonant inverter, 
reactive transformer, response surface method. 

I. INTRODUCTION 

N the last decade, development of high speed and high 
power switches promise many applications for full-bridge 

inverters. AC drivers, non-destructive ultrasonic tests [1], 
linear direct-drive motors [2], induction heaters and switching 
power supplies for transducers are the most applications of the 
full bridges. Piezo elements, electrostatic, and 
magnetostrictive are the most popular techniques to develop 
miniature transducers that need the full-bridge inverters. 
Piezoelectric transducers [3]-[10] and electrostatic motors 
[11], [12] are capacitive loads. However, magnetostrictive 
transducers [13]-[27] are considered as inductive loads that 
need special consideration in their driving. Induction heaters 
are normally categorized based on the arrangement of their 
resonant tank topologies (Table I). Usually, induction heaters 
consist of a resonant tank that is in series or parallel to the 
heating coil, which is suitable for blazing, welding, and 
melting of metals. In all of the applications mentioned above, 
the full-bridge circuit is used to obtain a strong alternating 
magnetic field in the coil. Qi and Peng described the selection 
procedure of the series resonant inverter (SRI) [28] and Liu 
presented a fine-tuning technique to reduce the high voltage 
oscillation across the primary of the transformer in SRI [29]. 
Teeb and Hobson proposed a filter to eliminate the ringing 
problem made by switches in the parallel resonant inverter 
(PRI) [30]. Furthermore, Espi developed a highly efficient 
induction heater (25 kW/50 kHz) by PRI [31]. Espi and his 
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team tried to enhance the performance of PRI and proposed a 
new hybrid resonant inverter (L-LC) to have the advantages of 
both SRI and PRI [32]-[34]. Borage also tried to signify the 
effect of the auxiliary inductor on the source current [35]. 

 
TABLE I 

COMPARISON OF RESONANT TANK TOPOLOGIES 
 Series Parallel Hybrid (L-LC) 

Resonant tank 
topology 

  
Advantages -Simple structure 

-Inexpensive 
-Able to 

handle short 
circuit in the 
heating coil 

-Low current 
stress over 
switches 

- High voltage 
capacitor is not 

required 

-Able to handle short 
circuit in heating coil 

(almost load 
independent) 

-Low current stress over 
switches 

- High voltage capacitor 
is not required for active 

transformer type 
-Suitable for high Q-
factor applications 

Disadvantages -Not able to handle 
short circuit 
capability 

-High current stress 
over switches 

-Big size -High voltage capacitor is 
required for reactive 

transformer type 

Applications -Induction heater: 
e.g., warming, 

forging and rolling 

-Induction 
heater: e.g., 

surface 
hardening 

-Induction heater: e.g. 
(active transformer) tube 
welding, grain growing 

 

In this paper, a technique to optimize the inductance to 
signify the effect of the auxiliary inductor on the source 
current value for an auxiliary inductor is presented to reduce 
current stress on the switches using the response surface 
method (RSM). 

II. PRINCIPLE AND ANALYSIS OF HYBRID RESONANCE 

INVERTER (L-LC) 

A. Principle of Operation  

As shown in Fig. 1, a 3- phase AC power source is rectified 
to provide a low ripple DC voltage. Four high-power IGBTs 
(Q1, Q2, Q3, and Q4) are employed to be derived by pulse 
width modules (PWM) in a way to generate a square 
waveform of voltage across a-c. The generated square 
waveform is fed to an axillary inductor (Ls) that is in series 
with a PRI. The PRI consists of a capacitor tank (C), which is 
parallel to the primary of a reactive transformer (Tp). The 
transformer is used for frequency matching and its secondary 
is connected to the heating coil. 

By considering magnetic flux leakage in both primary and 
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secondary coils, the transformer can be modeled as a 
combination of an ideal transformer and some equivalent 
resistors and inductors in primary and secondary [36]. After 
simplifying the circuits, its electrical equivalent circuit can be 
presented as in Fig. 3, as a hybrid inverter or L-LC inverter. 
The biggest advantage of the hybrid inverter is this point that 
large current will pass through the resonant tank (capacitor and 
primary of the transformer) while small current is demanded 
from a rectified DC source (Vcc). Therefore, small current (Is) 
passes through the auxiliary inductor and IGBTs and enhances 
the lifetime of the IGBTs. 

 

 

Fig. 1 Schematic of L-LC circuit 
 

 

Fig. 2 Electrical equivalent circuit of L-LC 

B. Analysis of Steady Sate Operation 

As shown in Fig. 2, the impedance of the parallel ending 
circuit and total circuits after IGBTs are presented by Zp and Zt. 
The impedances, Zp, and Zt that are frequency-dependent can be 
calculated easily as: 
 

𝑍௣ ൌ 𝑍௖  ∥  ൫𝑍௅௘௣ ൅ 𝑅௘௣൯                              (1) 
 

𝑍௧ ൌ 𝑍௅௦ ൅ 𝑍௖  ∥  ൫𝑍௅௘௣ ൅ 𝑅௘௣൯                         (2) 
 

where ZLS = jLs and Zc = 1/jC are the impedance of the 
inductor and capacitor tank. ZLep=jLep and Rep are the 
equivalent impedance and resistance of primary by considering 
secondary coil effect. By simplifying (1) and (2), Zp and Zt can 
be rewritten in the following configurations: 
 

𝑍௣ሺ𝜔ሻ ൌ
ோ೐೛ା௅೐೛ఠ௝

ଵା௅೐೛஼ఠమାோ஼ఠ௝
                           (3) 

 

𝑍௧ሺ𝜔ሻ ൌ
൫ோ೐೛ି௅ೞோ೐೛஼ఠమ൯ାൣ൫௅೐೛ା௅ೞ൯ఠି௅೐೛௅ೞ஼ఠయ൧௝

ଵି௅೐೛஼ఠమାோ஼ఠ௝
              (4) 

 
where, C is the capacitance of the tank. From the characteristic 

equation of (3), the resonance frequency of the parallel ending 
is p, which is:   
 

𝜔௣ ൌ ଵ

ඥ௅೐೛஼
                                          (5) 

Since IGBTs (Q1, Q2, Q3, and Q4) are energized by PWM, a 
square shape waveform by the amplitude of Vm is generated 
across a-c. Based on the Fourier series, the amplitude of its first 
harmonic is: 
 

𝑉ଵ ൌ
ସ௏೘

గ
                                            (6) 

 
Therefore, approximately the average electrical power 

transmitted to the circuit from input can be calculated as: 
 

 𝑃ሺ𝜔ሻ ൌ
௏భ

మ

ଶൈ ௔௕௦ ൫௓೟ሺఠሻ൯
                                 (7) 

 
By minimizing the absolute value of the Zt that is the 

denominator of (7), the maximum power is achievable at 0 
by: 
 

𝜔଴ ൌ ଵ

√௅஼
                                            (8) 

 
where,  

 𝐿 ൌ 𝐿௦ ∥ 𝐿௘௣ ൌ
௅ೞ ௅೐೛

௅ೞ ା௅೐೛
ൌ

௅೐೛

ଵା
ಽ೐೛
ಽೞ

ൌ  
௅೐೛

ଵା
భ
ಿ

                 (9) 

 
and N is the ratio of Ls to Lep. Since L is always smaller than 
Lep, then always p < 0. After finding the resonance frequency 
of circuit, 0, the current gain can easily be obtained by 
combining (10) and (11). 
 

 𝐼்ሺ𝑍௅௘௣ ൅ 𝑅௘௣ሻ ൌ 𝐼஼ 𝑍௖                              (10) 
 

𝐼் ൅ 𝐼஼ ൌ  𝐼௦                                     (11) 
 

then, 

𝐻ሺ𝜔ሻ ൌ ூ೅

ூೞ
ൌ ଵ

ଵି௅೐೛஼ఠమାோ೐೛஼ఠ௝
                 (12) 

 
and, 

|𝐻ሺ𝜔ሻ|ଶ ൌ ቚூ೅

ூೞ
ቚ

ଶ
ൌ ଵ

ሺଵି௅೐೛஼ఠమሻమାሺோ೐೛஼ఠሻమ               (13) 

 
Higher H shows less current stress on the IGBTs while 

large current passing through the transformer. Normally, the 
circuit is tuned in resonance frequency,0, to operate in the 
maximum power. By substituting (8) in (13), H value in 
resonance frequency is provable by: 

 

  |𝐻ሺ𝜔ሻ|ఠୀఠబ
ൌ ொ

ටଵାቀ
ೂ
ಿቁ

మ
                            (14) 

 
where Q is the quality factor and shows the ratio of reactive 
power to active power. Q of L-LC circuit is achievable by: 
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𝑄ଶ ൌ
௅

ோ೐೛
మ஼

                                      (15) 

 
Thanks to compressing form of Q total impedance at 

resonance, Zt (0), can be derived from (16):  
 

𝑍௧ሺ𝜔଴ሻ ൌ
ேమ௅೐೛ఠబ

ொି௝ሺேାଵሻ
                             (16) 

 

 

(a) 
 

 

(b) 
 

 

(c) 

Fig. 3 Effect of N by changing Ls on (a) total impedance of L-LC 
circuit (b) power (c) current gain 

 
It can be concluded from (16) that L-LC is not a purely 

resistive load and IGBTs IGBTs (Q1, Q2, Q3, and Q4) before 
the LLC circuit (Fig. 1) must tolerate reactive current. To 

reduce this reactive current, Zt (0) must be close to the 
characteristic of a resistive load. Therefore, the argument of Zt 
(0), called “switching angle”, needs to be as small as 
possible. The switching angle, , can be calculated from (17).  
 

 

(a) 
 

 

(b) 
 

 

(c) 

Fig. 4 Effect of N by changing LT on (a) total impedance of L-LC 
circuit (b) power (c) current gain  

 
For better performance of the IGBTs, it is recommended to 

have less than rad [14]t will be illustrated later that for 
small Q (Q <10) it is better to have small N. 

 

𝜙 ൌ arg ሾ𝑍௧ሺ𝑗𝜔଴ሻሿ ൌ tanିଵሺேାଵ

ொ
ሻ                   (17) 
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Fig. 5 Relationship between H and N in various Q0 

 

 

Fig. 6 Relationship between  and N in various Q 
 

 

Fig. 7 Effect of N on and N (smaller range of N) in various Q 
 

As shown in Fig. 3, the equivalent total impedance of the 
LLC circuit reaches its maximum value in p and reduces to 
its minimum value at 0, where the power is in its maximum 
value (Fig. 4). As it is diagnosable from (13), a variation of N 
does not affect parallel frequency (p) while it changes 
resonance frequency, 0. To retain operation in the highest 
power point, a self-tuning control system modifies operation 
resonance frequency. Figs. 4 and 5 disclose this fact that lower 
N causes higher resonance frequency and lower H. Moreover, 
Fig. 6 confirms the effect of N on the current stress, H, at the 

resonance frequency. The enhancement of H, by increasing N 
and Q is predictable from (14). As shown in Fig. 7, the 
direction of modification by increasing N is from point A 
towards point B and C. Nevertheless, with the current gain and 
quality factor, Q, increasing by N, the switching angle (Fig. 7) 
will increase and heat generation in the IGBTs abates the 
lifetime of switches. It is vital to keep the switching angle at 
fewer than 20 degrees. In other words, a smaller N is 
preferable. Fig. 8 concentrates on small N values. It is clear 
that N > 1.7 is not recommended since its switching angle 
exceeds 20° [34]. 

III. OPTIMIZATION USING RESPOND SURFACE METHOD  

Design and analysis of the experiment (DOE) is one of the 
fruitful tools to opt the significant factors in any test. To 
optimize any objective in any experiment, RSM, which is a 
combination of mathematical and statistical techniques, can be 
employed [2], [37]. The objective or response of interest in 
some experiments is a function of several variables or factors. 
Good modeling, few numbers of initial experiments combined 
with a fast analyzing process present RSM as an appropriate 
approach for optimizing this response of interest. Modeling by 
RSM means a presentation of a mathematical relationship 
between variables and objective as an output. For example, in 
this paper, we would like to select the proper values for 
element values of the hybrid inverter for warming applications 
to minimize current stress over its IGBTs. After manufacturing 
the inverter, the current stress over its IGBTs is measured.  

 

 

Fig. 8 The developed induction heater 
 

TABLE II 
CODED INPUT VARIABLES (FACTORS) 

Factors Unit - -1 0 +1 +� 

Vcc V 23 27 37 47 51 

N -- 0.77 1.04 1.43 1.81 2.33 

 

By analyzing these results using RSM, the proper values for 
elements will be selected. The aim of this section is the 
enhancement of the current gain. In other words, H value is 
selected as the cost function or objective. It seems that all 
elements in the L-LC circuit play an important role in current 
stress. As mentioned in (14), it seems that H depends on Q and 
N. Furthermore, initial observations show that H depends on 
Vcc too. Since Q depends on L, C and Rep and C and Rep are 
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constant, then Q depends on L. Therefore, H is considered as 
output and N and Vcc considered as the effective factors. 
Analyzing with RSM starts by finding the mathematical 
relationship between inputs and output. In this research, the 
design of experiments is based on the central composite design 
(CCD). Minitab 17 software is employed to find a linear 
regression equation. Table II shows two factors with five 
levels. Based on the design by RSM and selecting of =1.141, 
it is noticed that 13 experiments by manufactured prototype 
including five center points are required (Table III). 
Measurements are performed randomly and the results are 
presented in Table III.  

 
TABLE III 

SIMULATIONS RESULTS BASED ON RSM AT RESONANCE CONDITION 

Order of Run Vcc (V) Ls/Lep H=IT/IS 

1 -1 -1 1.091 

4 +1 +1 3.842 

5 -1.414 0 2.083 

13 0 0 5.179 

11 0 0 4.567 

6 1.414 0 4.054 

3 -1 +1 2.857 

10 0 0 4.143 

12 0 0 4.256 

8 0 +1.414 4.48 

9 0 0 3.847 

2 +1 -1 1.375 

7 0 -1.414 0.967 

 
TABLE IV  

COEFFICIENT OF THE REGRESSION EQUATION AND P-VALUE IN INITIAL AND 

MODIFIED MODELS 

 Initial Model Modified Model 

Terms 
Reg. Eq. 

Coefficient 
Pvalue 

 
Reg. Eq. 

Coefficient 
Pvalue 

Constant 4.039 0.000 2.955 0.000 

Vcc 0.462 0.193 1.105 0.018 

N 1.105 0.016 ------- ------ 

Vcc
2 -0.659 0.132 ----- ------ 

N2 -0.832 0.072 ----- ----- 

Vcc*N 0.085 0.852 ----- ----- 

 
TABLE V 

SPECIFICATION OF DEVELOPED INVERTER 

Designed parameters Values 

Transformer secondary inductance, Lep 100 H 
Capacitor tank, C 0.454 F 

IGBT switches 1200 V, 200 A 

 

 

Fig. 9 The relationship between H, Vcc and N 

 

Fig. 10 Contour plot of H vs.Vcc and N 
 

Table IV presents the initial model, modified model, 
elimination of insignificant factors and coefficients of the 
regression equation. It is necessary to add that the factors with 
Pvalue less than 0.05 are effective on the output with 95% 
reliability. Regarding the coefficients presented in Table IV, 
the current gain can be modeled by (18): 

 
𝐻 ൌ 2.955 ൅ 1.105 𝑁                              (18) 

A.  Influence of Input Voltage (Vcc) 

 The specifications of used elements in the developed 
hybrid inverter (Fig. 9) are mentioned in Table V. Initial tests 
show that Vcc is effective on H. Although larger Vcc causes a 
higher current in the system, its Pvalue is more than 0.05. It 
means Vcc does not affect the current gain. This result is 
predictable from (13). 

B.  Influence of Ration of Axillary Inductance to 
Transformer Inductance (N) 

The Pvalue of N shows that N is effective on H (Table IV). 
Figs. 9 and 10 plot the interaction between Vcc and N. It is 
visible that higher N causes higher H and it can reach to five. 
It means that current passing through the primary coil of the 
transformer is about five times that of the current passing 
through IGBT switches and causes less current stress on the 
IGBTs.  

IV.  CONCLUSION 

In this paper, the performance of a medium power (25 kW, 
25 kHz) hybrid inverter with a reactive transformer is 
investigated. To analyze the sensitivity of the inverter, the 
RSM technique is employed to highlight the effective factors 
in the inverter to maximize/minimize current gain/stress 
passing through the IGBTs. It is demonstrated that the ratio 
between axillary inductor to the effective inductance of 
resonant inverter (N) is the most effective parameter to 
minimize the current stress in this type of inverter. Higher N 
causes less current stress. However, there is a trade-off 
between N and the switching angle. It is revealed that the 
switching angle must be kept less than 20°. In practice, the 
current stress is reduced about five-fold in the IGBTs, which is 
very useful to enhance the lifetime of IGBTs. 
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