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Executive Summary

Multiport converters (MPCs) represent a valuable solution when multiple sources are present in an electric  

vehicle. The control strategies of these MPCs are one of the key elements that may have a significant im-

pact on the vehicle performances. The interleaving technique enhances the performances of the DC/DC 

converters by paralleling and shifting the commutation instances of the parallel phases. In addition, as mul -

tiple ports are present, these are also interleaved arising the concept of port interleaving. Here a mix of con -

trol strategies is used to take advantage of the MPC. State-feedback control at the voltage port and feedback  

linearization at the current port shows superior results in simulation when compared with other standard  

techniques.

1 Introduction
An electric vehicle (EV) can combine multiple sources in its powertrain to exploit the advantages of each  
source. Several cases can be found in literature where different arrangements of Fuel Cells (FC), batteries 
and ultracapacitors (UC) were used to drive an EV [1]–[7]. However, each source has its own voltage range 
of operation, which imposes a power electronics interface to integrate various sources with the load.

More specifically, batteries and ultracapacitors face a voltage drop during operation and they require a  
DC/DC converter to regulate the voltage to the required level.

Nowadays, Lithium nickel manganese cobalt oxide (NMC) batteries are dominating the Battery Electric  
Vehicle (BEV) market given their stronger power/energy performance when compared to other 
technologies [8]. Despite having a higher operating voltage when compared to lithium iron phosphate  
(LFP) batteries, the NMC batteries have a wider voltage window of operation resulting in a 20 % of voltage  
drop from full charge to 10 % State of Charge (SoC). In addition, a Low Voltage (LV) battery bank suffers  
less of imbalances compared with a High Voltage (HV) battery bank [9], [10] and is able to recover more 
energy from regenerative braking. On the other hand, in an EV, during a drive cycle the batteries suffer  
from frequent charge and discharge at high current rate that affect the battery lifetime [9]. Therefore, a 
hybrid configuration including an UC bank could achieve better performances as the UC bank can handle  
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the power flow during the high dynamic behavior of the vehicle. However, to make a reasonable usage of  
the UC bank (75 %), the UC voltage swings between its full voltage and half voltage. As a result, the UC  
bank is often used together with a DC/DC converter that regulates its output voltage.

As it is clear, each source can be combined with a power electronics converter to enhance its capabilities.  
Unfortunately, each converter adds extra losses and weight to the system that might jeopardize the  
convenience of having multiple sources in the drivetrain. The idea to combine multiple converters into a  
single component arose the concept of Multiport Converters (MPC). The MPC idea has been synthesized 
into several topologies, all aimed to share the components of the multiple converters as inductors, switches  
and capacitors[1], [4], [11]–[14]. Among all the topologies presented, the authors decided for this study to  
focus on the topology presented in [1] with the modification of the interleaving technique applied to each  
port, as shown in Figure  1 -1. The reason has to be addressed to the advantage of controlling the ports  
separately and with bidirectional capabilities each. Moreover, the topology in [1] is suitable for applying 
the interleaving concept to both the phases and the ports.

The interleaving concept in power electronics found its first applications in the area of aerospace [15]
thanks to its capability to reduce the ripple amplitude and increase in ripple frequency. Since then,  
interleaving techniques were applied in domains where stringent requirements on input current ripple and  
weight were needed. More specifically, in Fuel Cell Hybrid Vehicles (FCHV) a unidirectional interleaved  
boost converter (IBC) is used to reduce the input current ripple which is responsible for the lifetime  
decrease in a fuel cell stack [16]–[18]. In a similar way, in EVs, DC/DC converters are applied to boost the  
low voltage of the battery pack to the higher voltage of the electric motor. The interleaved technique can  
thus be applied to reduce the power density of the converter as in [19]. However, for some usual control 
strategies more phases mean more control variables to be measured and controlled increasing the 
complexity of the control system. 

I n [20] the Kboost approach has been presented as a simple way to synthesize a feedback amplifier to  
obtain the desired crossover frequency and phase margin. In [21] the Kboost approach is used to design a 
double lead-lag controller for voltage mode control. In [18], the linearized averaged small signal models for 
an interleaved converter are derived and a dual loop control with single lead-lag controller is designed.  
Furthermore, in [22] a state-feedback control is designed for interleaved converters. 

In a similar way to the combination of sources, a MPC can exploit the advantages of each control strategy  
by applying them to different ports. In fact, one port is meant to control the power flow, while the other one  
regulates the output voltage. The source with the fastest dynamic response is responsible for the voltage  
regulation task such that to reject quickly the disturbances on the output voltage.

In this paper, both the interleaved and multiport concepts are used to synthesize an Interleaved Multi-Port  
bidirectional Converter (IMPC), as already presented in [4] and shown in Figure  1 -1. Port a is dedicated to 
the Ultra-Capacitor (UC) bank and has 3 phases interleaved due to a wider input voltage operation, while  
port b can be used for battery or Fuel Cell source where the input voltage can be considered constant. 

Voltage-mode control, average current mode control, state feedback control and feedback linearization  
control are in this paper applied and mixed together to find the best combination of control strategies that  
increases the performances of the MPC for vehicle applications. The main source, battery pack or FC,  
requires having a slow dynamic to preserve its lifetime. Therefore, the current is forced to follow a defined  
slope during acceleration or deceleration. For sake of simplicity, the dynamics of the sources are scaled up.  
This means that the slew rate given to the battery current reference is not realistic, and it was scaled to keep  
the computation time low. However, it is able to give information to the performances of the controller.
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4 Comparative study of the control mix
The different control strategies are here combined and compared to evaluate the best solutions for  
automotive applications. The UC is voltage controlled and the battery is current controlled, both with  
bidirectional capabilities, the specifications of the MPC are given in Table 1. To each system is given the 
same set of disturbances and it is designed to respect the same bandwidth. The train step of disturbances is  
shown in Table 2, the step from 1.2 s to 1.4 s considers regenerative breaking mode with negative current  
from the load. Each converter is designed to have a 2 kHz bandwidth in order to avoid amplification of the  
ripple due to the switching frequency of the converter 20 kHz. However, this condition is not always  
achievable as will be shown in the next sections. As no energy management is designed in this paper, the  

current reference to the current controlled port is simply defined as I ¿=
Po

V ¿

, assuming no losses in the 

converter.

Table 1 MPC Characteristics

MPC Characteristics UC Port Battery port

Input voltage 250 V 200 V

Number of phases 3 2

Inductance 100 uH 200 uH

Inductor resistance 17 mΩ 34 mΩ

IGBT on-resistance 7.5 mΩ 7.5 mΩ

Diode forward resistance 6.5 mΩ 6.5 mΩ

Switching frequency 20 kHz 20 kHz

Table 2 Train disturbances on the converter

Time [s] 0.2 0.3 0.4 0.5 0.6 0.7 0.8 1.0 1.2 1.4

Step Vi,1

-10%

Vi,1

+10
%

Vi,2

-10%

Vi,2

+10
%

Vo

+10
%

Vo

+10
%

Io

+100%

Io

-100%

Io

-200%

Io

+200%

4.1 Port Interleaving

An MPC with parallel ports has a common DC capacitor for the different ports as shown in Figure  1 -1. 
The DC capacitor serves as a buffer to supply with a ripple-free voltage the load. However, in an MPC the  
capacitor needs to carry the output currents from several ports resulting in lower filtering capabilities. A 
port interleaving concept is here introduced to reduce the peak current and the voltage ripple at the DC-
link. More generally, each converter benefits already from the phase interleaving, therefore a general  
expression of the phase switch can be drawn.

ϕ i , j=(i−1)ϕm+( j−1)ϕni
 for 1≤i ≤ m , 1≤ j ≤ ni (17)
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5

DL-
CM

Battery 
Current

Response

peak 

-25 A +12 A -8 A +21 A -30 A +40 A

UC 
Current 

Response

peak 

+18 A -35 A +26A +78 A -190 A +167 A

Output 
Voltage

Response

peak 

- 13V -13.5 V 0 V -52 V +156 V -116 V

Overshoo
t peak

+3 V +3V + 4 V +4V -46V +18.5 V

SF-
FL

Battery 
Current

Response

peak 

+1 A 0 A 0 A 0 A 0 A -1 A

UC 
Current 

Response

peak 

+15 A -18 A +21A +95 A -165 A +215 A

Output 
Voltage

Response

peak 

- 1.5 V -6 V 0 V -16 V +28V -38.5 V

Overshoo
t peak

+0.5 V 0 V 0 V 0 V 0 V 0 V

6 Conclusion
In this paper, the control designs of different control techniques are developed. The various advantages and  
drawbacks of each control techniques have been evaluated. The preliminary results show the advantage of  
state feedback control for the voltage controlled port ensuring fast disturbance rejection. In addition,  
feedback linearization applied to the current port keeps the current far from abrupt changes due to the  
disturbances in the voltage and in the load, preserving therefore its lifetime. The port interleaving concept  
has been also introduced to decrease the voltage ripple at the capacitor side.

Acknowledgment 
The authors are grateful to VLAIO (ex. IWT) and Flanders Make, national funding schemes in Bel-
gium, for the support to the current work, performed within EMTechno project (project ID: IWT150513)

References

[1] L. Solero, A. Lidozzi, and J. A. Pomilio, “Design of Multiple-Input Power Converter for Hybrid  
Vehicles,” IEEE Trans. Power Electron., vol. 20, no. 5, pp. 1007–1016, Sep. 2005.

[2] Z. Amjadi and S. S. Williamson, “Novel Control Strategy Design for Multiple Hybrid Electric Vehicle  
Energy Storage Systems,” IEEE Appl. Power Electron. Conf. Expo., pp. 597–602, 2009.

[3] K. Gummi and M. Ferdowsi, “Double-Input DC–DC Power Electronic Converters for Electric-Drive 
Vehicles—Topology Exploration and Synthesis Using a Single-Pole Triple-Throw Switch,” IEEE Trans.  

EVS30 International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium 12



Ind. Electron., vol. 57, no. 2, pp. 617–623, Feb. 2010.

[4] O. Hegazy, M. El Baghdadi, J. Van Mierlo, P. Lataire, and T. Coosemans, “Analysis and modeling of a  
bidirectional multiport DC/DC power converter for battery electric vehicle applications,” in 2014 16th 
European Conference on Power Electronics and Applications, 2014, pp. 1–12.

[5] A. Di Napoli, F. Di Crescimbini, F. Guilii Capponi, and L. Solero, “Control strategy for multiple input  
DC-DC power converters devoted to hybrid vehicle propulsion systems,” in Proceedings of the IEEE  
International Symposium on Industrial Electronics ISIE-02, 2002, vol. 3, pp. 1036–1041 vol.3.

[6] A. Melero-Perez, Wenzhong Gao, and J. J. Fernandez-Lozano, “Fuzzy Logic energy management  
strategy for Fuel Cell/Ultracapacitor/Battery hybrid vehicle with Multiple-Input DC/DC converter,” in  
2009 IEEE Vehicle Power and Propulsion Conference, 2009, pp. 199–206.

[7] Z. Li, O. Onar, A. Khaligh, and E. Schaltz, “Design and Control of a Multiple Input DC/DC Converter  
for Battery/Ultra-capacitor Based Electric Vehicle Power System,” in 2009 Twenty-Fourth Annual IEEE  
Applied Power Electronics Conference and Exposition, 2009, pp. 591–596.

[8] E. Chemali, M. Preindl, P. Malysz, and A. Emadi, “Electrochemical and Electrostatic Energy Storage and 
Management Systems for Electric Drive Vehicles: State-of-the-Art Review and Future Trends,” IEEE J.  
Emerg. Sel. Top. Power Electron., vol. 4, no. 3, pp. 1117–1134, Sep. 2016.

[9] J. Cao, N. Schofield, and A. Emadi, “Battery balancing methods: A comprehensive review,” in 2008 
IEEE Vehicle Power and Propulsion Conference, 2008, pp. 1–6.

[10] S. T. Hung, D. C. Hopkins, and C. R. Mosling, “Extension of battery life via charge equalization  
control,” IEEE Trans. Ind. Electron., vol. 40, no. 1, pp. 96–104, 1993.

[11] B. G. Dobbs and P. L. Chapman, “A multiple-input DC-DC converter topology,” IEEE Power Electron.  
Lett., vol. 99, no. 1, pp. 862–868, 2003.

[12] A. Khaligh, Jian Cao, and Young-Joo Lee, “A Multiple-Input DC–DC Converter Topology,” IEEE 
Trans. Power Electron., vol. 24, no. 3, pp. 862–868, Mar. 2009.

[13] Y.-M. Chen, Y.-C. Liu, and S.-H. Lin, “Double-Input PWM DC/DC Converter for High-/Low-Voltage 
Sources,” IEEE Trans. Ind. Electron., vol. 53, no. 5, pp. 1538–1545, Oct. 2006.

[14] M. Marchesoni and C. Vacca, “New DC–DC Converter for Energy Storage System Interfacing in Fuel  
Cell Hybrid Electric Vehicles,” IEEE Trans. Power Electron., vol. 22, no. 1, pp. 301–308, Jan. 2007.

[15] D. R. Garth, W. J. Muldoon, G. C. Benson, and Ε. N. Costague, “Multi-phase, 2-kilowatt, high-voltage, 
regulated power supply,” in 1971 IEEE Power Electronics Specialists Conference, 1971, pp. 110–116.

[16] P. Thounthong, P. Sethakul, S. Rael, and B. Davat, “Design and implementation of 2-phase interleaved 
boost converter for fuel cell power source,” in 4th IET International Conference on Power Electronics,  
Machines and Drives (PEMD 2008), 2008, pp. 91–95.

[17] R. Saadi, M. Bahri, M. Y. Ayad, M. Becherif, O. Kraa, and A. Aboubou, “Dual Loop Control of Fuel Cell  
Source Using Non-isolated IBC-IDDB Converter for Hybrid Vehicle Applications,” Energy Procedia, 
vol. 50, pp. 155–162, 2014.

[18] O. Hegazy, J. Van Mierlo, and P. Lataire, “Analysis, Modeling, and Implementation of a Multidevice  
Interleaved DC/DC Converter for Fuel Cell Hybrid Electric Vehicles,” IEEE Trans. Power Electron., 
vol. 27, no. 11, pp. 4445–4458, Nov. 2012.

[19] D. P. Urciuoli and C. W. Tipton, “Development of a 90 kW Bi-Directional DC-DC Converter for Power  
Dense Applications,” in Twenty-First Annual IEEE Applied Power Electronics Conference and  

EVS30 International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium 13



Exposition, 2006. APEC ’06., pp. 1375–1378.

[20] H. D. Venable and H. D. Venable, “Reference Reading #4 THE K FACTOR: A NEW MATHEMATICAL  
TOOL FOR STABILITY ANALYSIS AND SYNTHESIS.”

[21] N. Mohan, Power electronics : a first course. Wiley, 2012.

[22] G. Gkizas et al., “State-feedback control of an interleaved DC-DC boost converter,” in 2016 24th  
Mediterranean Conference on Control and Automation (MED), 2016, pp. 931–936.

[23] S. Bacha, I. Munteanu, and A. I. Bratcu, Power electronic converters modeling and control : with case  
studies.

EVS30 International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium 14



Authors

Egi Nazeraj received his B.Sc. degree in Power Engineering from the university of Rome “La 
Sapienza” and the M.Sc. in electromechanical engineering from the Vrije Universiteit Brussel 
(VUB) and Universite’ Libre de Bruxelles (ULB). He is currently a Ph.D. candidate in the 
Department of Electrical Engineering and Energy Technology (ETEC) at Vrije Universiteit 
Brussel. His research is focused on design, control and optimization of Multiport DC/DC 
Converters for hybrid applications.

Prof. Dr. Ir. Omar Hegazy received the B.Sc. (with honors) and M.Sc. degrees in Electrical 
Engineering, Helwan University, Cairo, Egypt. He obtained his PhD degree in July 2012 (with the 
greatest distinction) from the Dept. of Electrical Machines and Energy Technology (ETEC), Vrije 
Universiteit Brussels (VUB), Belgium. Prof. Dr. Hegazy leads the power electronics and electrical  
machines (PEEM) team in MOBI, where he coordinates the research work in this field in several 
national and European projects. He is the author of more than 70 scientific publications. 
Furthermore, he is a member of IEEE and IEC standards. Prof. Dr. Hegazy fields of interest 
include power electronics, electrical machines, electric and (plug-in) hybrid electric vehicles, 
battery management systems (BMS), power management strategies, control systems, optimization 
techniques and renewable energy.

Joeri Van Mierlo is a key player in the Electromobility scene. He is professor at the Vrije 
Universiteit Brussels, one of the top universities in this field.

Prof. Dr. ir. Joeri Van Mierlo leads the MOBI – Mobility, Logistics and automotive technology 
research centre (http://mobi.vub.ac.be). A multidisciplinary and growing team of 70 staff members.

Prof. Van Mierlo was visiting professor at Chalmers University of Technology, Sweden (2012).

He is expert in the field of Electric and Hybrid vehicles (batteries, power converters, energy 
management simulations) as well as to the environmental and economical comparison of vehicles 
with different drive trains and fuels (LCA, TCO).

Prof. Van Mierlo was Vice-president of AVERE (2011-2014)(www.avere.org), the European 
Electric Vehicle Association and board member its Belgian section ASBE (www.asbe.be). He 
chairs the EPE chapter “Hybrid and electric vehicles” (www.epe-association.org). He is an active 
member of EARPA (European Automotive Research Partner Association) and member of EGVIA 
(European Green Vehicle Initiative Association). He is member of the board of Environmental & 
Energy Technology Innovation Platform (MIP) and chairman of the steering committee of the 
sustainable mobility platform of ENERGIK.

He is IEEE Senior Member and member of IEEE Power Electronics Society (PELS), IEEE 
Vehicular Technology Society (VTS) en IEEE Transportation Electrification Community.

He is the author of more than 500 scientific publications. He is editor in chief of the World Electric 
Vehicle Journal and co-editor of the Journal of Asian Electric Vehicles and member of the editorial 
board of “Studies in Science and Technology”, “Batteries”? as well as of “ISRN Automotive 
Engineering”. He is Guest Editor of Special Issues “Rechargeable Battery Technologies-From 
Materials to Applications”? as well of “Advances in Plug-in Hybrid Vehicles and Hybrid 
Vehicles”? of the “Energies” Journal.

EVS30 International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium 15


	1 Introduction
	2 Interleaved Multiport DC/DC modelling techniques
	2.1 Switched model
	2.2 Linear average small-signal model

	3 Control design
	3.1 Voltage-mode control
	3.2 Dual-loop control
	3.3 State-feedback control
	3.4 Feedback-linearization control

	4 Comparative study of the control mix
	4.1 Port Interleaving
	4.2 Voltage mode control and Current mode control
	4.3 Dual-loop and Current mode control
	4.4 State-feedback and Current mode control
	4.5 State-feedback and Feedback linearization current controlled

	5 Discussion
	6 Conclusion

