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Abstract—A phase shift modulation based closed loop volt-
age regulation and current balance scheme is proposed for a
high power, modular, multi-power path symmetric isolated bidi-
rectional capacitor-inductor-inductor-capacitor (CLLC) resonant
DC/DC converter. Novel master/slave configuration facilitates
connection of multiple symmetrical CLLC DC/DC converters
either in parallel and/or in series combination to increase the
voltage and current rating of the converter cluster. The unique
daisy chain formation using optical fiber communication allows
connection of up to 4 DC/DC converters in one converter cluster.
The proposed control scheme is simulated in Matlab/Simulink©,
the dynamic and endurance tests (750hours) carried out on the
built 1200V-320kW hardware validates the proposed scheme. The
soft switching at a high frequency makes the converter to operate
with higher efficiency (up to 98%) at full load, while assuring
smaller hardware footprint.

Index Terms—CLLC resonant converter, DCCC, EME,Master
slave configuration, Modular converter cluster, OFC, PHIL, multi
power path, smaller hardware footprint

I. INTRODUCTION

The power hardware-in-the-loop (PHIL) based electric mo-
tor emulator (EME) set up provides a unique platform to
test crucial, complex drive inverters of a modern electric car
and reduces development time [1], [2]. The PHIL-EME based
test system is shown in Fig. 1. The main components are
EME, DC/DC converter to supply the EME with high DC
voltage, a battery emulator (BE) viz. DC voltage source for
the Inverter/unit under test (UUT). The UUT is connected to
EME on AC side and to BE on DC side and the power cycle is
closed by connecting the two DC supply sources. Additional
AC/DC power supply units (PSU) connected provide the loss
power of the system. When the emulator works as a motor, the
power flow is from inverter to emulator and the power cycle
is closed over DC/DC converter and BE, when the emulator
works as a generator the power cycle direction is reversed.
Such a setup requires a galvanically isolated bidirectional
DC/DC converter connected to EME, which carries a high
magnitude of current, maintains a constant output DC voltage
and is highly efficient. Symmetric capacitor-inductor-inductor-
capacitor (CLLC) resonant converter (also known as CLLLC)
with the proposed control scheme fulfills the above mentioned
requirements with a minimum hardware footprint.

The conventional LLC converters are unidirectional and
their operation modes and soft switching behaviors would
change when these LLC converters are used in bidirectional
applications [3]. CLLC converter’s operation modes, design,
switching frequency vs voltage transfer gain analysis, and time
domain analyis are presented in [3]–[6]. In [7] it is stated that
the CLLC resonant converter inherits its soft switching and
gain characteristics from the LLC converter topology. Pulse
frequency modulated (PFM) CLLC converter topologies are
presented in [3]–[5], [8], [9] can achieve soft switching over
the entire load range, however, PFM based control scheme
requires variation of the switching frequency over a wide
range, hence poses design challenges and also voltage transfer
gain of the converter drastically decreases at high loads [4],
with PFM, steady state performance becomes asymmetrical
when voltage range widens [10] and such an asymmetry
requires the closed loop control system to be adaptive. With
single phase shift (SPS) modulation applied to this topology,
the symmetrical operation can be achieved and also SPS
modulation scheme is easy to implement. The power flow
direction is easily handled by changing the sign of the phase
shift angle [10]. The aim of this contribution is to demonstrate
the operation of symmetrical CLLC resonant converter in a
unique modular master/slave configuration with the phase shift
modulation (PSM) voltage and current regulation scheme. The

Figure 1. PHIL-EME based inverter test-bed with proposed DC/DC converter
cluster.



cluster converter count can be increased up to 8 at present
(count can even be upgraded to higher numbers) by which
power rating can be increased up to 640kW. In Section 2 the
symmetric CLLC resonant converter theory along with the pro-
posed converter cluster is described. In Section 3 master/slave
handling mechanism is described, and the proposed control
scheme is described in Section 4, in Section 5 and 6 the
simulation results and experimental measurement results are
presented and finally in Section 7 converter’s efficiency and
losses are briefly discussed.

II. RESONANT CONVERTER BASED POWER SUPPLY
SYSTEM DESCRIPTION

A. Theoretical Background

The symmetric CLLC resonant DC/DC converter simulation
model is shown in Fig. 2, converter operates with 50% duty
cycle and the switching frequency is maintained at a constant
value. The converter consists of resonant inductance Lr =
Lrp = Lrs and capacitance Cr = Crp = Crs along with a 1:1
high frequency transformer with a magnetization inductance
of Lm. The power flow is bidirectional and depending upon
the direction of the current, one side of the full bridge acts
as an inverter and other full bridge acts as a rectifier. The
design approaches and analysis of the converter from literature
[4], [10], [11] are used in this work for converter modeling
and only simplified expressions are presented herewith. First
harmonic approximated (FHA) mathematical expressions are
as follow: The fundamental square wave input voltage virF at
resonant network is given by

virF (t) =
4

π
Vin sinωst (1)

where Vin is the input DC voltage, t is the time and ωs = 2πfs,
and fs is the switching frequency of the converter. Similarly,
the fundamental output square wave voltage vorF of resonant
network is given by

vorF (t) =
4

π
Vout sin(ωst− φ) (2)

where Vout is the output DC voltage and φ is the phase shift
compared to primary voltage. The fundamental rectifier output
current irF is given by

irF (t) =
√
2IrF sin(ωst− φ) (3)

IrF is the rms value of fundamental component of rectifier
output current.

Figure 2. Symmetric CLLC resonant DC/DC converter simulation model.

In order to achieve the soft switching behavior of the CLLC
converter in both directions and at a fixed-frequency oper-
ation using simple PSM approach resonant components and
switching frequency needs to be selected carefully depending
upon the voltage transfer gain and load requirements [10].
Compared to conventional resonant tanks this topology offers
the following advantages:

• uniform operational characteristics in both forward and
reverse power flow direction

• wide input/output voltage ranges possible
• given the symmetrical structure, soft switching is achiev-

able over wide load conditions bidirectionally
• voltage stress on switches are confined to operating

voltages without the requirement of additional clamp
circuits [4]

The key criterion for soft switching, i.e. zero voltage
switching (ZVS) and zero current switching (ZCS) are, ratio
of switching frequency (fs) to series resonance frequency
(fr), voltage transfer ratio (M) and ratio of magnetization
inductance to resonance inductance as described in [10].

B. Designed DC/DC Converter Cluster (DCCC)

The DCCC shown in Fig. 3 is designed in such a way that
it provides DC link voltage of up to 1200V and is capable
of handling total nominal power of 320kW (max. 400kW
for 10 minutes). The system comprises of total 4 DC/DC
converters, each rated for 800V-100A, 80kW and operate at
70kHz switching frequency. Two individual converters are
connected in input parallel output parallel (IPOP) fashion
(converter cluster #1) as shown in Fig. 3, operating at 600V
to scale the current capacity, and the other identical converter
cluster #2 is connected with the converter cluster #1 to form
a common mid point to scale the voltage up to 1200V by
creating a 3 level voltage bus on both sides. Out of the two
parallel connected converters in the cluster, one acts as master
and the other as slave.

The master converter control core works as a voltage
controller and regulates the output voltage of both the master
and the slave to a constant value, using PSM. The current
controller implemented on individual converters balance the
current flow in the parallel power path (PP). One DCCC
can have 4 PPs, the presented system has 2PPs/cluster. The
control, modulation, handling and communication actions are
implemented on an field programmable gate array (FPGA).
Each DC/DC converter module comprises of a control board
equipped with an FPGA, a measurement and a communication
interface. Fig. 3 shows the broad overview of the control and
handling action of the proposed DCCC. The phase shift for
the voltage regulation computed by the master controller is
communicated to slave controller connected in the daisy chain
via optical fiber cable (OFC). The unique handling mechanism
facilitates the swapping of master to slave or vice versa.



Figure 3. DC/DC converter cluster - Control block diagram.

III. MASTER/SLAVE HANDLING AND COMMUNICATION
MECHANISM

All OFC communication runs at 3.75Gbit/s. Communication
is secured by channel monitoring and checksum handling.
Each point-to-point connection causes a latency of about
400ns, but this is acceptable and outweighed by the advantages
of the communication method as mentioned here:

• modular and therefore easily scalable system
• high-speed communication
• galvanically isolated interfaces
• low electromagnetic interference (EMI)
• constant latency in the transmission of time-critical mes-

sages
• safe and secure transmission channel
• low communication effort for the EME computing plat-

form
Fig. 4 shows the OFC connections between the EME com-
puting platform and one to four DC/DC converters. Each of
these converters run with the same firmware on an FPGA.
This modular system allows a scalable design with up to four
power units without adaptations in software/firmware and all
control interface cells are galvanically isolated through OFC
communication. Each DC/DC converter is assigned an address
when the daisy chain is initialized. The one closest to the
platform gets the address zero and is therefore defined as
DC/DC master. Those with addresses one to three are the
slaves one to three. Calibration with offsets and gains of
all measurements, adjustable safety limits for currents and

voltages as well as different operating modes are carried
out via the computing platform. All set values are stored
in an electrically erasable programmable read-only memory
(EEPROM) in each DC/DC converter and are reloaded at start-
up. The firmware of all FPGAs can also be updated via the
platform.

The DC/DC master communicates directly with the EME
computing platform. Commands such as the set voltage and
power enable are sent from the platform, on the way back the
DC/DC master reports the actual states and measured values.

Figure 4. Master/Slave OFC communication scheme.



Based on the addresses used in the daisy chain, the DC/DC
master knows how many DC/DC slaves it must control. The
master supplies its slaves with the necessary variables and
control commands. These in turn send back all measured
values and their own status. Slaves connected in the daisy
chain do simply pass on information not intended for them.
Each FPGA calculates the respective control signals for its PP
from the given variables.

IV. THE CONTROL AND MODULATION SCHEME

The proposed control scheme utilizes SPS modulation, with
a fixed duty cycle of 50%, and the converter is operated
at a constant switching frequency. SPS modulation scheme
being used to a CLLC resonant converter along with careful
selection of resonance components and switching frequency
helps in achieving higher efficiency by means of ZVS for
primary switches, reducing the turn off current quasi ZCS
for secondary side switches. For control action the load side
is defined as secondary and the input side as primary. To
regulate the output DC voltage of the DCCC, the output DC
voltage at the master converter is compared with the set value
to compute the required primary to secondary voltage phase
shift depending upon the load current direction. This phase
shift is directly communicated to slave controller. The master
voltage controller output is added with the offset phase shift
calculated by the current controller for current balance and the
resulting phase shift is fed to the modulator, to generate the
required gate pulses.

A. Voltage Control

During no load condition primary to secondary voltage
phase shift is maintained at near zero value. When a positive
load current (primary to secondary) is demanded, the output
voltage goes below the set voltage and a proportional integral
(PI) based voltage controller introduces a lagging phase shift to
regulate the output DC voltage to the set value and the power
flow is in positive direction. For a negative load current, the
output voltage goes up from the set value, so the controller
introduces a leading phase shift to keep the output voltage
constant. The update of phase shift is carried out at the rate
of switching frequency. A synchronization signal with the
same frequency as that of the converter’s switching frequency
updates the new phase shift angle to the modulator at the
beginning of each switching period.

B. Current Balance

In ideal case, where the imbalance factor is zero, the current
controller does not produce any offset phase shift, however, the
deviation in the inductance or resistance of the PPs introduces
an imbalance in the current magnitude that is flowing through
each PP. To balance the current, a PI based current controller
is employed. Output DC current of each PP is measured and a
sum current is calculated, which is then divided by the number
of PPs, which is the set current for the controller, based on
the magnitude of the DC current flowing through the PP a
small amount of offset phase shift is calculated by the current

controller, which is added with the phase shift computed by
the voltage controller of the master. The current controller only
determines the offset phase shift that is required between the
master and slave converters.

V. SIMULATION RESULTS

The proposed master/slave configuration of DCCC can
provide an output voltage of 1200V and power of 320kW.
The simulations are carried out only for the positive leg of the
DCCC i.e. two converters connected in parallel providing the
DC voltage between DC+ and DC M as shown in Fig. 3, since
the converter clusters are connected across common midpoint,
the behavior for the DC M to DC- leg remains the same.
The dynamic operation points are simulated, and results are
presented here. Fig. 5(a) shows the operation of the DCCC at
600V/cluster and a load step change from 0 to 200A (the load
is modeled by an ideal current source/sink).

(a) (b)

Figure 5. (a) DCCC voltage regulation at a load jump from no load to 200A
(100A/PP) in positive direction, (b) DCCC voltage regulation at a load jump
from no load to 200A (100A/PP) in negative direction.

(a) (b)

Figure 6. (a) Imbalanced currents in PPs without current controller, set load
current 100A/PP, (b) Balanced currents in PPs with current controller, set load
current ±100A/PP.

During forward operation the voltage goes below the set
point and controller regulates the voltage back to the set value
within 1.2 ms and with an 8% undershoot. Similarly, Fig. 5(b)
shows the dynamic response of the DCCC while operating at
600V with a load current change from 0 to -200A. Fig. 6(a)
shows the DCCC operation without the current controller and
an imbalance factor of 20% in Lr, for a demanded 200A load
current (100A/PP), it can be seen, that the master converter
carries more current as compared to slave because of the
reduced reduced impedance in the flow path. Fig. 6(b) shows



the DCCC operating with the same 20% imbalance factor but
with the presence of current controller, it can be seen, that
current controller balances the current flowing through both the
master and the slave. The load current of ±200A (±100A/PP)
is carried equally by the master and slave power paths.

(a) (b)

Figure 7. Primary full bridge output voltage, Secondary full bridge input
voltage, Current through primary side resonance inductor, Current through
secondary side resonance inductor at (a) No load, (b) Load current of
+100A/PP

(a) (b)

(c) (d)

Figure 8. Converter operating in forward direction at a load of 100A/PP,
primary full bridge voltage and current at (a) Switch 1, (b) Switch 2, (c)
Switch 3, (d) Switch 4.

Voltage and currents across the converter’s primary and
secondary side full bridge output and input respectively, are
shown in Fig. 7(a) and, Fig. 7(b). When the load current
demand is zero, it can be seen from the Fig. 7(a) the primary
and secondary side voltages are in phase. In Fig. 7(b) the
converter is operating at a load of 100A i.e. 200A/DCCC,
during this instance in order to regulate the output voltage
a lagging phase shift is introduced between primary and
secondary side full bridges and the current lags the primary
side voltage hence achieves ZVS for the primary switches. The
ZVS behavior of the converter is shown in Fig. 8. Voltage and
current at each switches in the primary side full bridge are

(a) (b)

(c) (d)

Figure 9. Converter operating in forward direction at a load of 100A/PP,
secondary full bridge voltage and current at (a) Switch 1, (b) Switch 2, (c)
Switch 3, (d) Switch 4.

shown, when the DCCC is operating at 600V and 100A/PP.
Similarly, secondary side full bridge switch voltage and current
are shown in Fig. 9. From Fig. 8 it can be seen that each
switches on primary side achieve ZVS. The current during
turn off is zero as can be seen from Fig. 9, it is evident that
secondary side switches achieve quasi ZCS even at high load
condition.

VI. EXPERIMANETAL RESULTS

In order to validate the proposed configuration and the
control scheme, the DCCC is operated at various combinations
of input and output voltages and also load conditions. The
experimental setup consists of an input DC voltage source
(E-storage), DCCC and a controlled current source/sink (I-
storage) at the output of the DCCC. The used E-storage has a
regulation time of 5ms for a load of 50A. The DCCC output
voltage set point is made to follow the output voltage of E-
storage in order to maintain the voltage transfer ratio 1.

In Fig. 10 the dynamic response of DCCC operating at 600V
is shown, and the current controller is deactivated and a step
load change is commanded from -200A to +200A. Even at
such high load change, the converter is able to handle the
transition smoothly and regulate the output voltage with an
undershoot of ∼50V, it is also clear that due to the variation
in the power path impedance, the current carried by master
and slave vary in magnitude. The primary full bridge voltage
(Vp), secondary full bridge voltage (Vs), primary transformer
current (Ip) and magnetization current (Im) are shown in
Fig. 11, the converter is operating at a switching frequency of
70kHz at 600V and 100A. DCCC dynamic operation points at
400V, 50A/2PP with current controller are shown in Fig. 12.
A load jump of -50A to +50A is commanded and the dynamic



Figure 10. Dynamic Voltage response of DCCC at Vo = 600V Current step
-200A to +200A, red-input DC voltage, magenta-output DC voltage, green-
master output current, blue-slave output current.

Figure 11. Full bridge voltages, transformer currents at 600V/100A, green-
Vp, orange-Vs, blue-Ip, magenta-Im

response is shown in Fig. 12(a), similarly Fig. 12(b) shows the
dynamic output regulation when the DCCC operating in for-
ward mode and transits to reverse mode with the commanded
current being +50A to -50A, from the dynamic response it is
evident that, converter handles the power flow direction change
smoothly and regulates output voltage to a constant set point.
The overall overshoot/undershoot is confined to ±∼20V. In
order to validate the current controller operation, the DCCC is
operated at 500V, without activating the current controller and,
an imbalance factor of 5% is introduced by adding additional
impedance in one of the power path. The Fig. 13(a) shows
that, out of the two parallel connected DC/DC converters there
is a mismatch in the current sharing due to variation in the
impedance.

In contrast, Fig. 13(b) shows that, the converters operating at
the same operation point in the presence of current controller
and same imbalance factor, however, the current sharing is
equal among the parallel connected converters. In Fig. 13 the
current measurement direction is inverted.

(a)

(b)

Figure 12. Dynamic Voltage response of DCCC at Vo = 400V (a) Current
step -50A to +50A, (b) Current step +50A to -50A, blue-input DC voltage,
green-output DC voltage, red-master output current, magenta-slave output
current.

VII. POWER LOSSES AND EFFICIENCY

The efficiency of the converter over wide operating voltages
and load currents are shown in Fig. 14. At light load conditions
switching losses are dominant and as the load increases the
efficiency also increases, at high loads the conduction losses
are dominant.

Figure 14. Converter efficiency at different voltages.



(a)

(b)

Figure 13. (a) Imbalanced currents in PP without current controller, set load
current 75A/2PP, (b) Balanced currents in PP with current controller, set
load current 75A/2PP, green-output DC voltage, red-master output current,
magenta-slave output current.

With the given topology ZCS and ZVS are achieved over
a wide voltage and load ranges, however, with the increase in
the load current, the required phase shift between primary and
secondary side to regulate the voltage at the output increases.

With the increase in the phase shift the secondary side
switches transition to quasi ZCS region from ZCS region
during forward operation, and during reverse operation mode
the primary side switches transit to quasi soft switching state.
Optimal current waveform, basic ZVS and ZCS topology
current waveform given in [12] are used as basis for obtaining
overall instantaneous loss curve for each switches. With the
decrease in switching frequency further reduction in switching
losses is observed, however, the conduction losses tend to
increase contributing to the reduction of efficiency at higher
loads. Fig. 15(a) and Fig. 15(b) show the instantaneous power
losses curves obtained from simulation for the switches S1
and S2 (refer Fig. 2) of the primary side full bridge, when the
converter is operating at 70kHz and in forward mode feeding
a load of 170A at 600V (overload condition).

(a) (b)

Figure 15. Instantaneous power losses at (a) Switch S1, (b) Switch S2.

VIII. CONCLUSION

A single phase shift modulated, closed loop voltage and
current regulated, symmetrical CLLC resonant converter based
DC/DC converter cluster is proposed for high power, bidirec-
tional applications. The simulation results and experimental
measurement results from the built hardware are in match and
prove the validity of the proposed scheme and novel OFC
based master/slave configuration operation, and voltage/power
scalability up to 1200V and 640kW. The instantaneous loss
curves from simulation and experimental test results at various
voltage and load conditions shows the efficient converter
operation at wide load ranges. The symmetric resonant topol-
ogy, high switching frequency operation and soft switching
approach helps improve the overall efficiency and to reduce
the hardware footprint of the DCCC.
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