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Abstract—Multi-port converters (MPCs) that integrate a dual 

active bridge (DAB) converter and an interleaved PWM converter 

have been proposed to reduce the converter count in electric 

vehicle power systems where multiple rechargeable batteries are 

employed. On the other hand, EVs require external heaters, due 

to the lack of wasted heat from engines, resulting in increased 

system cost. This paper proposes a novel MPC with induction 

heating (IH) capability as a potential solution to reduce the cost of 

EV power systems. The detailed operation analysis for the 

proposed MPC is performed to reveal that the output power of the 

IH inverter can be independently regulated by phase-shift control. 

Experimental results of a 1-kW prototype demonstrated the 

proposed MPC could transmit power among batteries and 

regulate the IH power simultaneously. 

Keywords— DAB Converter, induction heating, interleaved 

PWM converter, multi-port converter 

I. INTRODUCTION 

In recent years, electric vehicles (EVs) have been becoming 
increasingly popular to reduce the emission of greenhouse gas. 
The development of compact, low-cost, and highly efficient EV 
power systems has been underway. A conventional EV power 
system is illustrated in Fig. 1(a). The EV power system consists 
of multiple batteries, including A high-voltage battery (HVB) 
to drive the main motor, 12-V low-voltage battery (LVB) and 
48-V middle-voltage battery (MVB) for auxiliary equipment. 
EV power systems tend to be complex and costly because 
multiple bidirectional converters are needed to control each 
battery individually. 

Multi-port converters (MPCs) integrating multiple isolated 
or nonisolated converters into a single unit have been proposed 
[1]–[11] in order to achieve the simplified system and low-cost 
[Fig. 1(b)]. On the other hand, EVs require heat sources, such 
as electric heaters or heat pumps, due to the lack of wasted heat 
from engines. 

A conventional MPC for EV power systems is shown in Fig. 
2 [1]. The conventional MPC is derived from integrating a 
nonisolated interleaved PWM converter [17] and an isolated 
dual active bridge (DAB) converter [18]. The circuit on the 
transformer’s primary side, or a low-voltage side, consists of a 
two-phase interleaved bidirectional PWM converter. The 
interleaved PWM converter reduces current ripples and 

enhances the current capacity of the LVB port. A flying 
capacitor Cf is inserted between switches Q2L and Q2H to 
achieve not only an automatic capacitive current balancing for 
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Fig. 1  Models of the EV power system (a)a conventional system (b)a 
conventional system with MPC (c) the proposed system 
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Fig. 2.  The conventional MPC 



inductors of LA and LB but also a high voltage-conversion ratio 
between the LVB (VL) and MVB (VM). The secondary side, or a 
high-voltage side, consists of a half-bridge rectifier with a dc 
blocking capacitor Cdc to prevent dc bias current of the 
transformer. Cdc also behaves as a voltage doubler that 
contributes to reducing the number of secondary winding turns. 
Thanks to the integration of the two bidirectional converters, 
the conventional MPC achieves the bidirectional power flow 
among all three batteries and a simplified system [1]–[2]. 
However, the increased system cost due to the necessity of heat 
sources still remains as a challenge in EV power systems [Fig. 
1(b)]. 

In general, external heaters such as positive temperature 
coefficient (PTC) heaters or heat pumps are employed as a heat 
source in EVs. PTC heaters have a quick response and high 
heating capacity, but their heating efficiency is relatively low in 
comparison with other heating techniques [22]–[23]. Heat 
pumps are advantageous in terms of safety, but the decreased 
heating capability at low ambient temperatures is a major 
concern [24]–[25]. Furthermore, these heaters tend to be 
complex and costly as they require a lot of auxiliary parts. 

Meanwhile, the induction heating (IH) is one of the most 
widely used heating methods to heat metallic materials [12]–
[16], [19], [26]–[27]. Compared to external heating methods, 
such as electric heaters and heat pumps, the heating efficiency 
of IH is high because IH heats the workpiece from inside. IH 
heaters, a contactless heating method, would be suitable for 
EVs from the viewpoints of safety and volume, contributing to 
cost and volume reduction of EV power systems. 

This paper presents the MPC integrating an IH inverter for 
EVs [Fig. 1(c)]. The MPC and IH inverter are integrated with 
sharing semiconductor switches, and therefore, the IH heating 
capability can be realized with only a few additional circuit 
elements. 

The rest of this paper is organized as follows. Section Ⅱ 
describes the derivation and control scheme of the proposed 
MPC. The operational analysis and theoretical characteristic of 
the IH inverter will be presented in Section Ⅲ. The 
experimental results of a 1-kW prototype will be shown to 
demonstrate the proposed MPC in Section Ⅳ, followed by the 
conclusion in Section Ⅴ. 

II. PROPOSED MPC 

A. Derivation and Features 

Fig. 3 shows the proposed MPC for EVs. Adding a switching 
leg of Q4L–Q4H and an LC tank to the high-voltage side of the 
conventional MPC derives the proposed MPC. A phase-shift 
(PS)-controlled full-bridge IH inverter is configured by sharing 
switches (Q3L–Q3H) that are the key elements for both the DAB 
converter and IH inverter. 

In addition to the conventional MPC that integrates multiple 
converters into a single unit, the proposed MPC can configure 
an IH inverter with only a few additional elements. Hence, the 
proposed MPC achieves the simplified EV power system in 
comparison with the conventional one [Fig.1(a)]. 
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Fig. 4.   Key operational waveforms of the IH inverter. 
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Fig. 5.  Current flows of the IH inverter: (a) Mode 1, (b) Mode 2, (c) 
Mode 3, (d) Mode 4. 
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B. Control Scheme 

PWM and PS controls are applied for the power conversion 
among batteries. The voltage conversion ratio between the LVB 
and MVB is regulated with PWM control in the interleaved 
PWM converter. The power of the HVB, PH, is regulated with 
PS control in the DAB converter. On the other hand, one leg of 
the IH inverter is shared with the DAB converter that operates 
at a fixed switching frequency. Thus, the IH power, PIH, is 
regulated with PS control, not with pulse frequency modulation 
(PFM) control that is employed in ordinary IH inverters [20]–
[21]. 

III. OPERATIONAL ANALYSIS 

There are multiple power flow scenarios depending on the 
power balance among three battery ports and IH inverter. This 
paper focuses only on the case that the HVB charges the LVB 
and MVB. The operational analysis of the low-voltage side is 

omitted because its operation principle is identical to that of 

the conventional MPC. Dead-time periods are ignored to 
simplify the analysis, and all circuit elements are assumed ideal. 

A. Operational Principle of IH inverter 

Theoretical operational waveforms and current flows of the 
IH inverter are shown in Figs. 4 and 5, respectively. A single 
switching cycle is divided into four modes. The duty cycles of 
Q1L, Q2L, Q3L, and Q4L are defined as dMPC, dp-MPC, ds-MPC and 
dIH, respectively, and the PS angle between Q3L–Q3H and Q4L–
Q4H is defined as φIH. Mode length, T1–T4, can be expressed as. 

⎩⎪⎪
⎪⎨
⎪⎪⎪
⎧�� = �� − �
 = ������ − ���2 + ����� ��

�� = �� − �� = ������ + ���2 − ����� ��
�� = �� − �� = �−����� + ���2 + ����� ��
�� = �� − �� = �1 − ����� + ���2 − ����� �� .

 (1) 

where dφIH is the phase-shift duty cycle (= φIH/360˚), and TSW is 
the switching period. These duty cycles must satisfy the 
following conditions to achieve the automatic current balancing 
between iLA and iLB [1]: 

    �� ���� = 0.5����� = ���  =  ���� 
( ���� < 0.5) (2) 

�� ���� = ��������� = ��� =  0.5. ( ���� ≥ 0.5) (3) 

The IH inverter can be equivalently expressed as a typical 
RLC series circuit. Hence, the current of LIH, iIH, can be 
calculated from the electric charge of the LC tank, q, and the 
voltage of CIH, vC. ω0, α, β, and θ are defined to simplify the 
analysis as follows: 
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Mode 1 (t0–t1) [Fig. 5(a)]: Before t0, the current flows 
through the body diodes of Q3H and Q4L. Q3H turns on, achieving 
zero voltage switching (ZVS). Since VH is applied to the LC 
tank, iIH increases, and the polarity of iIH changes.  

First, the initial current of LIH and the initial voltage of CIH 
are defined as I0 and VC0, respectively. q is expressed as 

4(�) = *��5� + 1/ 6�789:
 sin(/�)+ '
*��(5�
 − 5�) sin(/� + 1)>. (5) 

By differentiating (5), iIH can be yielded as 

?��(�) = − '
/ 6�789:
 sin(/� − 1)+ '
*��(5�
 − 5�) sin(/�)>. (6) 

The voltage of CIH, vC, is calculated from (5), as 

@�(�) = 4(�) *��⁄ . (7) 

According to (6) and (7), The current and voltage at the end of 
Mode 1, I1 and VC1, are derived as follows: 

:� = ?��(��). (8) 

5�� = 4(��) *��.⁄  (9) 

Mode2 (t1–t2) [Fig. 5(b)]: When Q4L turns off, the current 
shifts to the body diode of Q4H, achieving ZVS turn-on. The LC 
tank is short-circuited by Q3H and Q4H. 

From I1 and the initial voltage of CIH, VC1, q is obtained as 

4(� − ��) = 1/ 6�7(8�8B)C:� sin9/(� − ��)>+ '
*��5�� sin9/(� − ��) + 1>D. (10) 

Similar to Mode 1, iIH and vC are obtained as follows: 

?��(� − ��) = − '
/ 6�7(8�8B)C:� sin9/(� − ��) − 1>+ '
*��5�� sin9/(� − ��)>D. (11) 



@�(� − ��) = 4(� − ��) *��⁄  (12) 

The current and voltage at the end of Mode 2, I2 and VC2, are 
derived as 

 :� = ?��(�� − ��). (13) 

 5�� = 4(�� − ��) *��⁄ . (14) 

Mode 3 (t2–t3) [Fig. 5(c)]: At t2, Q3H turns off, and the current 
flows through the body diodes of Q3L and Q4H. At the same time, 
Q3L turns on, achieving ZVS. Because −VH is applied to the LC 
tank, iIH decreases and the polarity of iIH is changed.  

From I2 and the initial voltage of CIH as VC2, q is yielded as 

4(� − ��) = −*��5� + 1/ 6�7(8�8E)C:� sin9/(� − ��)> 

                       +'
*��(5�� + 5�) sin9/(� − ��) + 1>D. (15) 

Same as Mode 1, iIH and vC are obtained as follows: 

?��(� − ��) = − '
/ 6�7(8�8E)C:� sin9/(� − ��) − 1> 

                         +'
*��(5�� + 5�) sin9/(� − ��)>D. (16) 

@�(� − ��) = 4(� − ��) *��⁄ . (17) 

The current and voltage at the end of Mode 3, I3 and VC3, are 
derived as (18) and (19). 

 :� = ?��(�� − ��). (18) 

 5�� = 4(�� − ��) *��⁄ . (19) 

Mode 4 (t3–t4) [Fig. 5(d)]: At t3, Q4H turns off, and the current 
shifts to the body diode of Q4L, achieving ZVS turn-on. The LC 
tank is short-circuited by Q3L and Q4L. From I4 and the initial 
voltage of CIH as VC4, q is  

4(� − ��) = 1/ 6�7(8�8F)C:� sin9/(� − ��)>+ '
*��5�� sin9/(� − ��) + 1>D. (20) 

With reference to Mode 1, iIH and vC are obtained as follows: 

?��(� − ��) = − '
/ 6�7(8�8F)C:� sin9/(� − ��) − 1>+ '
*��5�� sin9/(� − ��)>D. (21) 

@�(� − ��) = 4(� − ��) *��⁄ . (22) 

The current and voltage at the end of Mode 4, I4 and VC4, are 
derived as (23) and (24). 

 :� = ?��(�� − ��) = :
. (23) 

 5�� = 4(�� − ��) *��⁄ = 5�
. (24) 

In conclusion, I0 and V0 can be calculated from (23) and (24), 
and the current of LIH and the voltage of CIH in each mode are 
determined. 

B. Theoretical Output Characteristics of IH Inverter 

The output power of the IH inverter, PIH, is  

 G�� = ,-.:HI� . (25) 

where Req is the equivalent resistance of the workpiece, and Irms 
is the RMS value of iIH. In general, Irms is given by 

 :HI = (J ?(8)� ��KLM
 �� . (26) 

PIH is expressed as  

G�� = ,-.�� NO 9?��� (�)>�� + O 9?��� (�)>��KE



KB

+ O 9?��� (�)>�� + O 9?��� (�)>��KP



KF


 Q. (27) 

The theoretical characteristic of Irms as a function of φIH is 
shown in Fig. 6. PIH can be regulated arbitrarily by adjusting 
φIH, though Irms is slightly influenced by variations in ds-MPC and 
dIH, which are manipulated to regulate the voltage conversion 
ratio between the LVB and MVB. 

C. Simultaneous Operation for MPC and IH Inverter 

The proposed MPC can regulate PH and PIH simultaneously 
by using two control freedoms, φMPC, and φIH. φMPC is the PS 
angle between Q1L–Q1H and Q3L–Q3H. 

Refer to [1], PH is given by 

G� = 5�5������R2����(1 − ����) + �����S2TU�)VW , (28) 

where N is the transformer turns ratio, Lkg is the leakage 
inductance of the low-voltage side, and dφMPC is the phase-shift 
duty cycle (= φMPC/360˚). (27) and (28) suggest PH and PIH can 
be independently regulated by φMPC and φIH, respectively, with 
no interaction because these equations contain only one phase-
shift duty cycle. 



IV. EXPERIMENTAL RESULTS 

A 1-kW prototype of the proposed MPC was built, as shown 
in Fig. 7. Component values are listed in Table Ⅰ. A 15 Ω resister 
was connected in series with the LC tank to simulate the 
equivalent resistance of the workpiece, Req. The prototype 

 
Fig. 6.  Theoretical characteristics of Irms as a function of φIH with 
different duty cycle ds-MPC. 
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Fig. 7.  1 kW-prototype of proposed MPC. 

 

TABLE I.      KEY ELEMENTS OF THE PROTOTYPE 

Components Parameters 

CL Ceramic Capacitor, 100 μF 

CM Ceramic Capacitor, 150 μF 

CH Aluminum Electrolytic Capacitor, 180 μF 

Cf Ceramic Capacitor, 200 μF 

Cdc Ceramic Capacitor, 17.6 μF 

LA, LB 15 µH, Rdc = 2.4 mΩ 

Q1H IRFP4110PbF, VDS = 100 V, Ron = 4.5 mΩ 

Q1L, Q2L, Q2H IRFP7530PbF, VDS = 60 V, Ron = 2 mΩ 

Q3L, Q3H,  
Q4L, Q4H 

C3M0120090D, VDS = 900 V,  
Ron = 120 mΩ 

CIH Film Capacitor, 348.5 nF 

LIH 133 μH, Rdc = 377 mΩ 

Req 15.1 Ω 

Gate Driver ADuM3223ARZ 

 

 
Fig. 8.  Experimental waveforms of IH inverter with φIH = 60° and 
ds-MPC = 0.5. 

 

 
Fig. 9.  Output current Irms as a function of φIH with different duty 
cycle ds-MPC. 
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Fig. 10.  Output power PIH as a function of phase-shift angle φMPC 
with different phase-shift angle φIH. 

 

  
Fig. 11.  Output power PH as a function of phase-shift angle φMPC 
with different output power PIH. 
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operated with VL = 12 V, VM = 48 V, and VH = 400 V at the 
switching frequency of 50 kHz. 

A. Waveforms and Output Characteristics of IH Inverter 

Experimental waveforms of the IH inverter with φIH = 60° 
and ds-MPC = 0.5 are shown in Fig. 8. The experimental results 
matched satisfactorily with the theoretical one (see Fig. 5), 
verifying the operation of the prototype.  

Irms as a function of φIH with different duty cycles ds-MPC are 
shown in Fig. 9. Irms could be regulated by φIH. Meanwhile, the 
measured value currents were slightly lower than the theoretical 
ones probably due to neglected parameters, such as dead-time 
periods and parasitic components. 

B. Simultaneous Operation for MPC and IH Inverter 

PIH as a function of φMPC with ds-MPC = 0.5 are shown in Fig. 
10. The result revealed that PIH was determined without 
depending on φMPC. On the other hand, PH as a function of φMPC 
with ds-MPC = 0.5 is shown in Fig. 11. The results demonstrated 
that PH matched well with theoretical output characteristic. In 
conclusion, these results indicated that PH and PIH have no 
interaction and can be regulated individually. 

 

V. CONCLUSION 

This paper has proposed the novel MPC integrating the IH 
inverter for EV power systems. The MPT and IH inverter are 
integrated into a single unit with sharing switches, achieving 
simplified system and reduced cost. The detailed operational 
analysis of the IH inverter was performed to derive the 
theoretical output characteristics. 

The experimental verification using the 1-kW prototype 
demonstrated the proposed MPC could transfer power among 
batteries and regulate the output power of the IH inverter 
simultaneously. 
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