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Abstract—This paper introduces a new active Hybrid Energy
Storage System (HESS) topology which utilizes the multi-source
inverter to interconnect a battery and an ultracapacitor directly
to the three-phase load without the use of any additional
power electronic converters or DC/DC converters. A new control
strategy has been developed which periodically switches the
operating mode of the multi-source inverter at a high frequency
in order to maintain smooth current sharing. A duty cycle can
also be selected to bias the use of one energy storage device
over another which enables control over the discharge rate of
the two sources. Closed-loop control simulations for an Urban
Dynamometer Driving Schedule (UDDS) with torque and speed
references driving an electric machine have been performed to
verify the operation principle of this novel HESS topology. The
influence of the additional control parameters on the source
currents and their State of Charge (SOC) has been further
investigated through simulations. Moreover, experiments in open-
loop control with a scaled-down prototype and a R-L load have
been carried out and validated the theoretical influence of the
new control on the input DC currents. By an appropriate choice
of the new control parameters, the average battery current and
the battery current ripple can be reduced by up to 90% and 60%
respectively compared to traditional electrified powertrains that
only uses a single energy source.

Index Terms—Battery control, electric vehicles, hybrid energy
storage systems, Li-ion batteries, multi-source inverters, ultraca-
pacitors.

I. INTRODUCTION

Contemporary electric drive vehicles utilize Li-ion batteries
to meet the load demands of the electric motor. Li-ion batteries
have a high energy density allowing for longer electric only
driving range but they do not offer high power densities.
Although their power rating might meet the peak load require-
ments of a vehicle, higher C-rates exhibited by the battery are
found to reduce battery lifetime [1]. As a result, requiring the
battery to meet highly dynamic load profiles increases the rate
of unwanted side reactions which, in turn, results in further
plating of the solid-electrolyte interface [2]–[4]. This translates
into an increase in the internal resistance which reduces its
lifespan or can even lead to premature failure. In contrast to Li-
ion batteries, ultracapacitors (UC) offer larger power densities
but at the cost of lower energy densities.

A Hybrid Energy Storage System (HESS) harnesses the
benefits of both Li-ion batteries and UC by pairing these two
energy sources together [5]–[8]. These devices have been the

subject of much research since they alleviate the peak load
demand which is otherwise requested from the battery bank.
Therefore, the battery is left to provide most of the constant
load demand while the power dense UC bank supplies the
peak power profile. In turn, the battery wear is minimized
which allows the battery’s lifetime to be maximized [9]–[11].
In addition, since the cost of the battery is one of the most
expensive component of an electric drive vehicle, an additional
benefit of HESS is the ability to reduce the size and therefore
the cost of the battery pack.

In a conventional active HESS topology, such as the parallel
HESS circuit shown in Fig. 1-a, a DC/DC converter aims to
control the source currents in order to use the battery for
most of the constant power while the UC meets dynamic
load profiles [12]–[15]. Moreover, it enables the control of
the charge and discharge rates of the two sources. As a result,
the battery lifetime can be extended and the efficiency of the
system is improved. However, even if active HESS topologies
achieve promising performance and offer more controllability
compared to passive HESS structures, they are still held back
from commercial applications. Indeed, their use in traction
drive systems is mainly limited by the high cost, extra weight
and large volume of the DC/DC converter.

The fundamental concept of the multi-source inverter has
been introduced in [16]–[18]. This power converter aims to
generate distinct output line-to-line voltages from several DC
sources using a single stage conversion. Unlike multilevel
inverters that can provide numerous output voltages as a ratio
of the shared DC input voltage, the multi-source inverter
directly uses the independent input sources to provide the
output voltage levels [19]. Thus, different DC sources such as
generators, batteries or DC renewable energy sources can be
connected to the same AC output. This topology has been first
developed for hybrid and plug-in hybrid electric powertrains
where a battery pack and an engine provide power to the
wheels [20]–[24]. With the multi-source inverter, the battery
can directly drive a motor without stepping up its voltage
with a DC/DC boost converter. Thus, when applied to hybrid
and plug-in hybrid electric powertrains, the power rating
of this DC/DC converter can be decreased and the overall
efficiency of the electrified powertrain can be improved since
no additional conversion stage is used between the battery and
the motor.
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Fig. 1: (a) Parallel active HESS topology. (b) Proposed active
HESS topology with the multi-source inverter.

This paper presents a new activate HESS topology which
couples Li-ion batteries to UC through the multi-source in-
verter (Fig. 1-b). Because of the specific current distribution
of this inverter, an innovative control scheme has been de-
veloped to regain current sharing between the sources, as
it is traditionally done with active HESS topologies. Hence,
an active control of the input sources and their current is
achieved without the use of a DC/DC converter. Therefore, the
combination of a battery-UC HESS topology with the multi-
source inverter intends to keep the advantages of an active
HESS without the drawbacks of a DC/DC converter.

The following will first introduce the multi-source inverter
with its operating modes. Then, the active HESS topology with
the multi-source inverter is presented and the novel control
scheme managing the current distribution between the two
sources is detailed. Simulations in closed-loop control with
an interior permanent magnet (IPM) synchronous machine for
an Urban Dynamometer Driving Schedule (UDDS) have been
performed to verify the theoretical principles of operation of
the proposed topology. Finally, the impact of the new control
strategy on the sources is further investigated and shown
through simulations and experiments.

II. MULTI-SOURCE INVERTER

The multi-source inverter is a topology that aims to connect
several DC-link sources to a three-phase load. It has been
previously studied as a new option for electrical propulsion
system architectures in hybrid and plug-in hybrid vehicles. In
this case, two DC sources, namely V1 and V2, are connected
and it can be seen from Fig. 2 that the multi-source inverter
consists of three different two-level inverters. By replacing
the ideal switches Ra,b,c, Sa,b,c and Ta,b,c by IGBTs, the
multi-source inverter circuit is very similar to the Neutral
Point Clamped (NPC) or T-NPC topologies [17], [18]. The
main difference lies in the connection between the upper
and lower switches in each leg of the inverter. Indeed, in
a typical three-level inverter, the upper and lower sides are
connected to a neutral point which generates an additional
DC-bus voltage level equal to zero. Thus, the voltage across
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Fig. 2: Multi-source inverter topology with two sources.

the input series-connected capacitors is one-half of the DC
input voltage. On the contrary, there is no neutral point in
the multi-source inverter. The input sources are decoupled and
each input capacitor voltage is identical to the source voltage
across it.

According to the state of the switches of Fig. 2, three distinct
voltages can be applied to the output line-to-line voltages,
implying three operating modes:

• Mode 1: the switches Sa,b,c and Ta,b,c enable V2 to supply
the motor and V1 is not used;

• Mode 2: the switches Ra,b,c and Ta,b,c enable V1 to
supply the motor while charging V2. The voltage applied
to the output is equal to V1 − V2;

• Mode 3: the switches Ra,b,c and Sa,b,c enable V1 to
supply the motor and V2 is not used.

The voltages [VAO, VBO,VCO] can be defined as functions
of the state of the switches and the input voltages:

VAO = CRaV1 + CTaV2 − Za.ia
VBO = CRbV1 + CTbV2 − Zb.ib
VCO = CRcV1 + CTcV2 − Zc.ic

(1)

where Zi is the phase impedance of the load, i = a, b or
c is the corresponding phase and CRa,b,c and CTa,b,c are
the switching functions of the switches Ra,b,c and Ta,b,c

respectively.
In a similar manner, the input currents [i1,i2] can be

expressed as follows:

i1 = CRa.ia + CRb.ib + CRc.ic
i2 = CTa.ia + CTb.ib + CTc.ic

(2)

As a result, the different combinations of the switches
enable up to seven distinct line-to-line voltages if two DC
sources are connected to the multi-source inverter (Table I).

An adapted Space Vector Pulse Width Modulation
(SVPWM) has been developed based on the similarities of the
multi-source inverter with three-level inverters. The theoretical
operation of the adapted SVPWM has been already presented
in [17], [18] and will not be repeated in this paper.
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TABLE I: Switching combinations of the multi-source inverter.

Modes States of switches Line-to-line voltages
Ra Rb Rc Sa Sb Sc Ta Tb Tc VAB VBC VCA

1 Always open

0 1 1 1 0 0 V2 0 −V2

0 0 1 1 1 0 0 V2 −V2

1 0 1 0 1 0 −V2 V2 0
1 0 0 0 1 1 −V2 0 V2

1 1 0 0 0 1 0 −V2 V2

0 1 0 1 0 1 V2 −V2 0

2

1 0 0

Always open

0 1 1 V1 − V2 0 −(V1 − V2)
1 1 0 1 0 0 0 V1 − V2 −(V1 − V2)
0 1 0 1 0 1 −(V1 − V2) V1 − V2 0
0 1 1 1 0 0 −(V1 − V2) 0 V1 − V2

0 0 1 1 1 0 0 −(V1 − V2) V1 − V2

1 0 1 0 1 0 V1 − V2 −(V1 − V2) 0

3

1 0 0 0 1 1

Always open

V1 0 −V1

1 1 0 0 0 1 0 V1 −V1

0 1 0 1 0 1 −V1 V1 0
0 1 1 1 0 0 −V1 0 V1

0 0 1 1 1 0 0 −V1 V1

1 0 1 0 1 0 V1 −V1 0

III. ACTIVE HESS TOPOLOGY USING THE MULTI-SOURCE

INVERTER

The multi-source inverter has been implemented in an active
HESS topology where a battery and an UC supply power to
the motor (Fig. 1-b). Like all other active HESS structures,
the proposed topology needs to efficiently control the source
currents in order to take advantage of the high energy density
of batteries as well as the large specific power and cycle life
of UCs, while minimizing battery degradation.

As previously mentioned, the multi-source inverter has three
distinct operating modes that can be employed. When a closed-
loop speed-torque control strategy is applied, the proportional
integral (PI) controllers generate a voltage reference that is
used in the adapted SVPWM to determine the operating mode
and decide which source drives the wheels. Hence, the two
sources never supply power to the motor simultaneously and
the DC current provided to the load is equal to either the
battery current or the UC current. This prevents the use of a
similar control strategy than in a conventional parallel HESS
where the DC input current of the inverter is equal to the sum
of the currents from the two sources. Thus, applying a speed-
torque control to the motor without any additional control of
the sources is not sufficient to obtain similar performance as
with an active HESS architecture.

A novel control scheme has been developed in order to
manage the current distribution in the proposed active HESS
topology with the multi-source inverter. Simulations in closed-
loop control over an UDDS will be presented in the following
to verify its principle of operation.

A. Control of the system

An active control of the multi-source inverter′s operating
modes can be combined with the speed-torque control scheme
in order to effectively manage the current distribution between
the two sources. This additional mode control has two degrees
of freedom, namely, the control frequency fc and the discharge
duty cycle dc, representing the conduction time during which

the battery supplies power to the load. The fundamental
purpose of the mode control is to periodically switch the
operating mode between Modes 1 and 3, regardless of the
mode determined by the speed-torque control strategy. Thus,
the load demand will be regularly met by either the battery
current or the UC current. Furthermore, with an appropriate
choice of fc, the input capacitor banks will filter the source
currents to prevent them from being discontinuous. Thereby,
over one control period (1/fc), the average input current
supplying the motor will be the sum of the source currents
just like with a typical parallel HESS. Moreover, since the
discharge duty cycle biases the use of one energy source over
another, it can control the average source currents and, hence,
the discharge rate of the sources. Over one control period, the
average battery current 〈ibat〉 and the average UC current 〈iuc〉
can be expressed as functions of the average input current 〈iin〉
that supplies the load and the discharge duty cycle dc,

〈ibat〉 = dc.〈iin〉
〈iuc〉 = (1− dc).〈iin〉

(3)

The control scheme of the active HESS topology using the
multi-source inverter is shown in Fig. 3. The speed, torque
and mode controls act simultaneously and aim to impact on
the adapted SVPWM without impeding the performance of
the overall system.
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Fig. 3: Control scheme of the active HESS topology using the
multi-source inverter.

As a result, this new control scheme regains current sharing
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TABLE II: Simulation parameters of the DC sources.

Source
Cells in Maximum power Energy

series & parallel density (kW/kg) density (Wh/kg)

Battery 81 & 6 3.13 173.9
UC 105 & 1 13.7 7.7

between both sources and discharge rate regulation, as it is
traditionally done with active HESS topologies. Moreover, it
intends to achieve similar performance, with the additional
benefit of not using a DC/DC converter.

B. Simulations of the system

The proposed active HESS topology with the multi-source
inverter has been modeled in Matlab/Simulink. The Li-ion
battery model used in this work is a first-order equivalent
circuit model. The model has been parameterized using ex-
perimental cell test data for an SOC-OCV curve and a pulse
discharge test for a Batterist lithium polymer battery cell
(PF9744128). Ultracapacitors have a lower internal resistance
than Li-ion batteries and hence have a shorter time constant.
The UC model used in this work includes leakage current and
equivalent series resistance [25]. The SOC-OCV relationship
is presumed to be linear as a result of the lack of faradaic
reactions occurring in UC [25], [26]. The capacitance and the
two resistance values are based on the Maxwell BCAP3400
ultracapacitor [27]. The SOC of the UC is found by utilizing
the linear SOC-OCV relationship [28], [29].

Closed-loop control simulations were performed for an
UDDS with torque and speed references driving an IPM. A
10 Hz control frequency fc and a discharge duty cycle dc of
50% have been selected in the mode control. The switching
frequency of the multi-source inverter is 10 kHz and has
been independently chosen from the control frequency fc. As
mentioned earlier, the first order equivalent circuit model and
parameterization were performed at the cell level. The number
of cells in series and parallel in the battery and UC packs are
scaled according to the power requested at the DC bus (Table
II). In turn, parameter fitting and characterization of the full
pack model render the cell stack parameters.

Simulation results are shown in Figs. 4 and 5. From Figs.
4 (a) and (b), it can be seen that the rotor speed and torque
converge to the references. This verifies that the additional
mode control strategy does not hinder the performance of the
system. Figs. 4 (c) and (d) show the voltages of the two sources
and their SOC. Even if a discharge duty cycle of 50% does not
bias one source to another, the UC voltage and SOC drops are
larger compared to the battery pack. This can be explained by
the fact that the UC energy density is much lower than for the
battery. Thus, it will discharge faster for a similar load current.
Hence, an effective choice of the discharge duty cycle needs
to consider the energy density of the sources in order to avoid
their full discharge in a short period of time. Fig. 5 shows the
current distribution according to the operating mode. In Fig. 5-
b, the reference current corresponds to the input current when
the mode control is not applied and only one source drives the
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Fig. 4: Simulation results: (a) Rotor speed. (b) Torque. (c)
Input DC voltages. (d) SOC of the sources.

motor. The battery and UC currents have been obtained when
the mode control is used with a discharge duty cycle of 50%
and fc equal to 10 Hz. When either one of the sources supplies
power to the motor, its input current is equal to the reference
current while it remains null when the source is not used. This
leads to discontinuous currents with high ripples, which is not
suitable for the battery lifetime. This discontinuity is due to
the choice of a low control frequency fc that prevents the
currents from being filtered by the input capacitors. Further
details will be provided in section IV.

IV. INFLUENCE OF THE MODE CONTROL PARAMETERS

From the previous part, it has been shown that the additional
mode control does not impede the performance of the speed
and torque controls. However, a low control frequency fc leads
to discontinuous currents, which is not suitable for the lifetime
of the battery. Moreover, choosing a discharge duty cycle of
50% pointed out the lower energy density of the UC. This
will affect the choice of the discharge duty cycle since it can
impact on the discharge rate of the sources. The influence of
the control frequency fc and the discharge duty cycle dc on
the input currents and the SOC of the sources are discussed
in the following section.

A. Influence of the control frequency fc

Input capacitor banks are used to protect the DC-link volt-
age from transient spikes and minimize ripple currents caused
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by the switching circuits. They act as low-pass filters and
allow the low frequency signals while blocking those with high
frequencies. The new control scheme for the proposed active
HESS topology with the multi-source inverter aims to take
advantage of these input filters to smooth the source currents.
Indeed, by an appropriate choice of fc, high frequency source
currents can be generated in order to be filtered by the input
capacitors. As a result, the source currents will be continuous
and their ripple will be reduced.

Closed-loop control simulations for three different values
of fc with a constant discharge duty cycle of 50% were
performed for a shorted time UDDS with torque and speed
references driving an IPM. In the simulation model, input
capacitor banks of 3 mF have been selected and a parasitic
resistance of 0.1 Ω is considered. Thus, the cut-off frequency
of these input filters is equal to 530 Hz. The battery and the
UC current waveforms are shown in Fig. 6. As expected, it
can be seen that increasing fc smooths the currents. Since the
cut-off frequency is equal to 530 Hz, input currents for fc
equal to 10 Hz are not filtered and thus discontinuous (Fig.
6-a). Fig. 6-b shows currents with a medium frequency of 100
Hz. The signals start being filtered which is characterized by
continuous waveforms with large oscillations. Finally, Fig. 6-
c presents the current waveforms for fc equal to 5 kHz. The
high frequency signals are completely filtered by the input
capacitors which can be seen by the low current ripple.

From these simulation results, it can be concluded that
choosing a high fc smooths the input currents, which is
particularly beneficial for the battery in order to extend its
lifetime.

B. Influence of the discharge duty cycle dc

Since the discharge duty cycle biases one source to another,
it is intuitively expected that it will impact on the average
currents and the SOC of the sources.

Closed-loop control simulations for several discharge duty
cycles with a constant control frequency fc of 5 kHz were
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Fig. 7: Influence of dc on the current (a) Of the battery. (b)
Of the UC.

performed for a shorted time UDDS with torque and speed
references driving an IPM. From Fig 7, it can be seen that the
average current and ripple of the battery become smaller when
the discharge duty cycle decreases. On the other hand, a low
discharge duty cycle increases the UC average current and its
ripple. This is due to the fact that decreasing the discharge
duty cycle reduces the conduction time of the battery while
the UC is used for a longer time during one mode control
period. Fig. 8 shows the SOC of the battery and the UC for
a control frequency fc of 5 kHz at different discharge duty
cycles. Increasing the discharge duty cycle leads to larger SOC
drop for the battery and lower SOC drop for the UC. Since the
SOC is calculated as a function of the current, these results
are consistent with those from Fig. 7.

C. Experimental results

A scaled-down prototype was built to validate the influence
of the new control parameters fc and dc on the input DC
currents (Fig. 9). The control of the gate signals of the multi-
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Fig. 9: Prototype of the multi-source inverter.

source inverter are managed by a MicroAutoBox II and the
software dSPACE. Open-loop control experiments with a R-
L load were performed and the battery and UC voltages were
provided by two power supplies. The parameters are presented
in Table III. In the following results, the same operating point
has been tested for different fc and dc.

In Fig. 10, the input currents ibat and iuc and the phase
current ia are shown for a discharged duty cycle fixed at 50%
and a control frequency fc of 10 Hz, 100 Hz and 5 kHz. It can
be seen that, as the frequency increases, both input currents
become continuous and their ripple is also reduced. Indeed,
in Figs. 10 (a) and (b), ibat and iuc are discontinuous and
their ripple is high, while smooth current sharing is achieved
for a high frequency fc of 5 kHz thanks to the input capacitor
banks that act as low-pass filters (Fig. 10-c). From Fig. 11, the
currents ibat, iuc and ia are displayed for a constant control
frequency fc of 5 kHz and a discharge duty cycle of 20% and
80%. By choosing a discharge duty cycle lower than 50%, the

TABLE III: Experiment parameters.

Parameters Value

Battery and UC voltages 150 V
Switching frequency 10 kHz

R-L load 5Ω and 256µH

(a)

(b)

(c)

iuc 

ibatt

ia 

iuc 

ibatt

ia 

iuc 

ibatt

ia 

Fig. 10: Current waveforms of ibat, iuc and the phase ia for
dc = 50% and (a) fc = 10Hz. (b) fc = 100Hz. (c) fc =
5kHz.

UC provides more power than the battery which can be seen
from a higher average current (Fig. 11-a). On the contrary,
the average battery current will be greater than the average UC
current if dc is greater than 50% (Fig. 11-b). On the other hand,
in both Figs. 10 and 11, the phase current ia is sinusoidal with
a constant amplitude and frequency regardless of the variation
of fc or dc. This validates the fact that the additional mode
control does not interfere with the control of the load.

As a result, the experimental results are consistent with the
theoretical operation principle of the new control strategy of
the multi-source inverter and validate the influence of both
parameters fc and dc.
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Fig. 11: Current waveforms of ibat, iuc and the phase ia for
fc = 5kHz and (a) dc = 20%. (b) dc = 80%.

D. Influence of the mode control parameters on the battery

One solution to extend the battery lifetime is to control its
average current and reduce its current ripple. The following
graphs summarize the effects of the control mode parameters
on these two battery current variables.

The absolute value of the battery current has been averaged
in order to consider positive and negative currents since they
both adversely affect the battery lifetime. A ratio of the time-
average value Rave is calculated as below,

Rave = 〈ibat〉
〈iref 〉

(4)

where 〈ibat〉 is the average battery current and 〈iref 〉 is the
average reference current. The reference current has been
previously introduced in Fig. 5 and corresponds to the case
where the mode control is not applied and only one source
drives the motor. Hence, the ratio Rave points out the average
battery current reduction that can be achieved compared to the
reference case for a specific control frequency fc and discharge
duty cycle dc.

In Fig. 12, it can be seen that a low discharge duty cycle
leads to a low ratio Rave. In other terms, decreasing the
discharge duty cycle reduces the average battery current, which
is consistent since the battery is less used. Moreover, it can
be seen that the control frequency fc has a moderate impact
on Rave.
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The current ripple can be calculated as the difference
between the maximum and the minimum current values. A
ratio of the battery current ripple R∆I is given by,

R∆I = ∆ibat

∆iref
(5)

where ∆ibat and ∆iref are the battery and reference current
ripples, respectively.

The ratio R∆I is also a function of fc and dc and indicates
the battery current ripple reduction which can be achieved
relative to the reference case. It can be seen in Fig. 13 that
increasing the control frequency fc significantly reduces the
battery current ripple. A low discharge duty cycle also leads
to larger reduction of the battery current ripple which is due
to the sharing with the UC.

Finally, one can note that Rave and R∆I reach the values 0.1
and 0.4 respectively for a discharge duty cycle dc of 10%. In
other terms, the average battery current and the battery current
ripple can be reduced by up to 90% and 60% respectively,
compared to traditional electrified powertrains that only uses
a single energy source. However, it should be kept in mind
that, even if a low discharge duty cycle and high control
frequency seem more suitable to preserve the battery lifetime,
it also leads to a faster discharge of the UC. Therefore, a
trade-off needs to be made to minimize the ripple and average
battery current while ensuring sufficient SOC rates for both
sources. The optimization of the new control parameters will
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be investigated in the future.

V. CONCLUSION

This paper presents a new active HESS topology which
couples a battery to an UC through the multi-source inverter.
An innovative control scheme has been developed to actively
control the operating mode of the inverter and aims to achieve
similar performance than a typical HESS architecture with the
additional benefit of not using a DC/DC converter. Indeed,
thanks to the input capacitors that act as low-pass filters,
smooth current sharing is achieved by periodically switching
the operating mode at high frequency. Moreover, a duty cycle
can also be selected to bias the use of one energy storage
device over another which enables control over the discharge
rate of the two sources. Closed-loop control simulations have
been performed to verify that the additional mode control
strategy does not hinder the performance of the system. More-
over, the influence of the mode control parameters has been
analyzed and validated through open-loop control experiments
with a scaled-down prototype and a R-L load. Finally, the
influence of the new control on the battery has been studied
and showed that the average battery current and the battery
current ripple could be reduced by up to 90% and 60%
respectively, compared to traditional electrified powertrains
that only uses a single energy source.
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