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Modelling of Phase-Shift Modulated Bidirectional CLLC Resonant Converter
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1 Department of Electronic and Electrical Engineering, University of Sheffgtd-rederick Mappin Building
Mappin Street, Sheffield, United Kingdom, S1 3JD
“d.a.stone@sheffield.ac.uk

Abstract: The paper proposes the application of two modelling techniques for analysis of bidirectional CLLC resonant
converters. The state-variable and cyclic-averaging techniques are applied for converters operating under two types of
phase-shift modulation: single-phase-shift (SPS) and pulse-phase modulation (PPM). The converter is analysed
considering forward and reverse power flow directions and a state-variable equation description is obtained for both
modes. The models arefirst validated through simulation, comparing the state-variable and cyclic-averaging resultsto a
Spice-based simulation. Additionally, a low power prototype is built, experimental results are presented and the
influence of parasitic elements and system delaysis discussed. Simulation and experimental results show the models can
accurately represent the behaviour of CLLC convertersfor both types of phase-shift modulation. In addition, using the
cyclic-averaging techniqueresultsin a considerably faster execution compared to state-variable and Spice-based models.

1. Introduction from the DCbus to the battery, while in reverse mode the

The interest in electric vehicles (EVs) has been battery serves as a supply to the grid and the power flows
increasing especially due to environmental reasons,ffom the battery to the DC bus.
development of technology and government incentives, To date, most literature focuses on frequency
resulting in increased affordability. The vehittegrid modulated CLLC converters [1, 12, 15, 16jowever, for
(V2G) technology was introduced from concerns about @Pplications requiring fixed-frequency operation phase-shift
possible grid overload and stability problems originating Modulation can be implemented as an alternative [13, 14,
from a large EV population. Most battery chargers for EVs 17 . _ ) o
are unidirectional; however, a V2G system enables This paper investigates a CLLC bidirectional
bidirectional power flow between grid and battery. converter operating under two types of phase-shift
Consequently, the battery may function as support to thgnodulation: single phase-shift (SPS) and pulse-phase
grid at peak times, when the energy demand is high7mod_ulat|on (P_PM). In t_hls study two modelling teghmques
contributing to grid stability and efficient use of energy. for time-domain analysis of the converter are applied: state-
Typical bidirectional chargers for V2G consist of an AC-DC varlable and cycllc-ayeraglng. A linear state-variable model
converter for power factor control and a DC-DC converter USing dq transformation for CLLC converterss proposed
for output voltage and current regulation [1]. in [13]..Here, a simpler piecewise linear state-variable

The Dual Active Bridge (DAB) is a widely used Model is proposed and wil serve as base for the
topology of bidirectional DC-DC converter for V2G implementation of the cyclic-averaging method. _
applicationg2-4]. Due to the DAB limitations such as large The cyclic-averaging techn!que was proposed in [18]
reactive current, limited voltage operating range and@S an accurate method of time-domain analysis for
reduced efficiency, complex modulation techniques andPeriodically switched systems. The steastpte values of
control strategies [2, 5, 6] have to be adopted resulting inth_e state—varlablgs are obtal_ned fro_m analytical equations
difficult implementation. Resonant variants of the DAB  Without the requirement for integration of the underlying
the series-resonant DAB (SRDAB), LLC and cLLc differential equations. Therefore, steady-state prediction is
converters were proposed to obtain improved operation. ~ obtained rapidly when compared with integration-based

The SRDAB and DAB are compared in [7] and methods. Previously, cyclic-averaging has been used to
although the resonant topology presents better efficiency2nalyse LLC converters [11] and LCC converters [19]. In
both topologies have weak performance for wide voltage[20]; & simulation study was performed for CLLC converters
range operation. The LLC converter is an improved OPerating under SPS modulation, here then, this is extended
topology for battery chargers with high efficiency, high t© apply cyclic-averaging analysis to 4th order CLLC
power density and low electromagnetic interference (EMI) converters operating under both types of phase-shift
[8-11]. Due to loss of soft switching operation during Medulation, SPS and PREMusing experimental and
reverse mode, the LLC topology is more suitable for Simulation results for validation.
unidirectional power transfer [12]

The CLLC converter, shown in Fig. 1, is a 4th order

resonant topology that provides reduced switching losses, . Mf} Fonad o f} \
A A — 2.1, 2.2
T T re1 co Reese o, T

Bridge 1 Bridge 2
——

high efficiency and operation under wide voltage ramfge.

considerable advantage of the CLLC converter is the easilyqc () ©iL I # g%ig i ] 161 - v
achieved soft switching operation for forward and reverse
modes under frequency modulation [13, 14]. s13 wﬁ} sn% 52.4$

Two modes of operation are possible for a

bidirectional converter: in forward mode the power flows
Fig. 1 CLLC bidirectional resonant converter topology



The paper is structured as follows. In Section 2, the The bridge voltages considering SPS modulation are
modulation techniques analysed in this paper will be given based on battery and DC link voltage as in (1) and (2).
explained. The state-variable model is presented in Section 3
The cyclic-averaging model is described in Section 4.
Section 5 contains the converter design and analysis of

%]

simulation and experimental results. Ve

2. Phase-shift modulation technique >
Two cases of phase-shift modulation are considered Yy ]

in this paper for the CLLC converter analysis, the first and

simpler method of phase-shift modulation is the Single vy

Phase-Shift (SPS) [223]. In this configuration, shown in

Fig. 2, the frequency is fixed, duty cycle is kept at 50% and v L4

a phase-shiftg) is imposed between the output voltages of hat

the two H-bridgew, andv,, shown in Fig. 1. The phase- -

shift angle —90° < ¢ < 90°) is used to control the output t

power and the power flow direction is determined by the Voar L

sign of the angle between andv,, where positive values
result in forward mode operation and negative values areg; ig. 2 Bridge output voltages for SPS modulation, operal
used when operating in reverse mode. The maximum powe, " \erse mode

transfer is reached at 90° for forward mode or -90° for

reverse mode.

One drawback of SPS modulation is the large
reactive currents and conduction losses that occur under
partial loading [14, 17], therefore, we also analyse CLLC
converters behaviour when operating under Pulse-Phase Vera
modulation (PPM) [24, 25Note that PPM is also known as )
Triple Phase-Shift (TPS) modulation as in [13,.17] Vae

The typical waveforms for operation under PPM
modulation are represented in Fig. 3, wtvg; 5 andvg, 4 "
are the drain-source voltages of MOSFET switc®&8 and a
S14 from Fig. 1. The frequency is still fixed and the output Vae
power can still be controlled by the angle between the two
bridge voltages). In addition, the duty cycles of bridge 1 |_| | U U t
(ay) and bridge 2 &,) are also control variables thus
providing a greater fidelity of control and the ability to Az
reduce reactive currents. The additional control ara;es Viut i -
anda, have a range from 0 to 180°.

In most applications the anglg is fixed at +90°,
depending on the desired power flow direction, thereby |_| |_| |_|
maintaining unity power factor, arrj is kept equal ta,
for a simpler control and higher efficiency. Fig. 3 Bridge output voltages for PPM modulatio

operating in forward mode
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3. State-variable analysis

To obtain the state-variable description the iis1 = n Ls1  Cs " G2 jicsz. ¥

equivalent circuits obtained from the converter presemted i : T P ot

Fig. 1 will be analysed for operation in forward and reverse: v, rm VZ :  ros ®
modes. For this analysis, the circuit frdfig. 1 is divided im | 3Lm §ib ' O) %= cf Vot
into two sub-systems. The resonant network is considered P

the fast subsystem and the output filter, due to its slow:

response constitutes the SIow SUb-system, With these two oo Sowstbeysten 5
sets of state-variable equations being connected by a a

coupling equation that represents the non-linear behaviour =~ = o
of the output bridge. sz, 12 Cs2  m Lsl Gsl g -

The equivalent circuits for state-variable analysis in L b : rdc
forward and reverse mode are presented in4&ig. v Vi ""

For operation under SPS modulation the voltages Lmj3tm | Hbridge © G (Dvie
generated by the two full-bridges are square waves: L :
represented aw; and nv, , where n=Nl/N2 is the PSR U SO Slow subsyelem ... :

b

transformets turns ratio withV, andN, being the number

of turns on primary and secondary windings respectively. Fig. 4 Equivalent circuit for state-variable analysis

(a) Forward mode(b) Reverse mode



vy (t) = £V 1)

()

As seen in Fig. 3, for PPM modulated converters a
zero voltage level is added t9 andv,.

For forward operation, the fast subsystem is referred
to the primary while the slow is referred to the secondary
Using basic circuit analysis, the state-variable description
for the fast subsystem in forward mode can be obtained:

V() = Ve

dipsy I (1 + 13)iLs1 — Ves1 + Tolim — Vesz! — M2 3)
dt Lo
Aves; s (4)
dipm  Tolpss = (Tm + 12)im + Vegpr + 10, (5)
dt L
Avesy' st = liim (6)
dt CSZ’
The slow subsystem is described as:
Aver  Vpatr + Toibriage = Ver @)

dt Cf(rb + rCf)
The coupling equation is obtained considering the
operation of the active bridge on the output side:
Nn(igg1 — ipm) Wwhen vy (t) >0 (8)
—n(iLg; — ipm) When v,(t) <0
0Owhenv,(t) =0

lbridge

The case ob,(t) equal to zero only occurs for PPM
modulation.
Considering the opposite power flow direction, the

state-variable description is obtained based on the equivalent

circuit of Fig. 4b. Since the output is now on the primary

side both fast and slow subsystems are referred to the

primary.
dipg _nvy — (r1 +713)ips1 — Veo1 — Talim — Vesp! — V1 9)
dvesy lL_sl (10)
dipm 1V — 13ips1 — (um + 12)lm — Vesy! (11)

dt L
dvesy'  lis1 + ipm (12)
dt CSZ’
The slow subsystem is described as:
dve; Ve + Taclpridge — Vei
Ci — dc dctbridge Ci (13)
dt Ci(rac +7¢i)

The coupling equation is given by:

irs1 When vy (t) >0
—ipgq When v (t) <0
0whenv,(t) =0

(14)

lbridge

The case of, (t) equal to zero only occurs for PPM
modulation.

4. Cyclic-averaging analysis

Cyclic-averaging is a technique used to model
periodically switching systems, as an alternative to state-
space averaging and traditional methods based on
integration techniques. For switching power converters, the
traditional steady-state condition does not exit owing to the
constant switching nature of the system. Therefore, the
notion of a cydc-mode is used to represent the steady-state
condition. A system is said to be operating in a cyclic-mode
when the final condition of a cycle is equal to the initial
condition for that cycle. Thus, cyclic-averaging is the
average of state-variables over a cyclic-mode using the
method proposed in [18].

The CLLC system presented in this paper is
considered cyclic because the state-vector at the beginning
and at the end of the switching period is equal, therefore:

x(t) = x(t + mT) (15)
where T is the period of the input voltage and m is an
integer representing the number of cycles.

Based on the switches states, a single cycle of
operation can be divided into opetatimodes resulting in a
set of piecewise linear equations. Each mode i has the
following state-variable representation:

x(t) = Ajx(t) + B; (16)
wherex(t) is the state vectod; is the dynamic
matrix andB; is the excitation term.
Equation (16) can be solved analytically for each
operation mode using the following equation:

t
x(t) = et ti-Ox(t;_ ) + J- e4it=9B,dr

ti—q

17

Here, the circuit operates in each mode for a fixed
period. The normalised time interval for each mode is given
by a duty cyclel;. If T is the period of a cycle, the circuit
operates in mode for d;T seconds. The following notation
is used for every mode:

¢ = P(t;, t;_y) = eAilti=tiz1) = pAidiT (18)

t:

L
-
t

i-1

Ai(ti-1) B.
e dt (19)

= (ei%T — [)A7'B;, A; is invertible

Analytical solution of the system is possible but
complex, especially for cases whe¥geis singular.



Here, the augmented state vector technique istmsed The augmented vector technique is used again to
combining dynamic and input matrices, as in equation (20),obtain a simplified solution, as shown in (30).
to obtain a simplified and rapid solution without the

integration. d x(t) By O x(®
0 0 1 (30)
[X(t) A B ] [X(t)] (20) xavg (t) /T 0 O Xavg (t)
dt
Equation (30) can also be represented in a simplified
or form:

d

2O = AR (0) (21)

#(t) = Aiz(t) (31)

The solution for the/i mode s given by: The averaged state-vector can then be obtaied

calculatingz(t, + T) based on the initial state vectdit,).

2(t;) = M4 R(ti0) = PR (ti-) (22) Given the initial state vector:
Considering a system with m modes, the state vector X, or (to)
for mode m, after the whole period is given by: 2(ty) = [ P 1 l (32)
o 22 N o~ L 0
2(tm) = Pm®m-1 - P1X(to) = ProcX(to) (23)

The averaged state vector is then calculated:
wherex(t,) is the initial condition and:
~ ¢ I Py o _ xper(to)
=% ] = edar (24) 2(te +T) = oy - brz(te) = | 1 (33)
xav
The periodic solution can be found assuming that
after a complete cycle the state vector is equal to the initial wherqui = pAidiT
state, as in (25).
- 4.1. Cyclic-averaging analysis for SPS modulation
fper (to +T) = ¢tot£per(t0) = fper(to)
In this section the cyclic analysis will be shown for

R Xper (to) (25) forward operation, the same methodology is also applied to
Xper (to) = [‘ 1 ] the reverse operation.
The state-space description for the forward mode
Using (24) to solve (25) gives: previously obtained from equations (3)-(7) is used as a base
for application of the cyclic method. The set of equations
Xper (t) = (I" = Pror) o (26) can be represented in matrix form as:
Where ile ile
d 7{(351 1{Csl
Dtot = PmPm-1 - P1 E vle’ =4 vle’ +B (34)
Cs2 Cs2
Lot = @mbm-1 P + @Gnbmor ¢ (27) ver ver
+ o+ Ol + I
where:
Therefore, using equations (17), (22) and (27) the
values for all state-variables can be calculated for any t  (r; +1)) 1 Teo! 1
during a cyclic mode. T T In T, I 0
The average value definition given by (28) can be 1
used to calculate the steady-state values of the state- Ca 0 0 0 0
variables over a cycle. e e ,  _Cin tre) 1 .
1 ptoT L{n L{n L,
X = —f Xper (£)dt (28) 0 R 0 0
weoT to per Cs' Ceo'
0 0 0 0 _r
Based on the cyclic description the following system I e (rp + 1)
is analysed:
and
. . 1 (29)
{Y(t) = Xavg = ?x(t)



cycle wherw, becomes positive, the modes description is

F(v1(t) — nv, ()] )
@1 (®) —nv, () presented in Table 2.
le
0 = V(N0O7,N009) V(NO10,N008)
80V
Tlvz (t) ] ' ] ' + !
B = 60V
L
0 40V
Vhat + 1 ibridge 20v+
Cf (rb + rCf) E ov4---

-20V+
The state-variable system depends on the state of

voltagesv, (t) andv,(t). For a converter operating under i i | 1 i :
SPS modulation there are two possible states for each 0V i
voltage, leading to four operati modes. The periodic B T e
behaviour of the bridge voltageg and v, for forward -100V. i ; ; ; : ; :
operation is shown in |:|g 5, where the four modes can be 4%9%4ms 499%ms 4.998ms 5.000ms 5.002ms 6.004ms 5.006ms  5.008ms
identified for a cycle. When operating in forward mode the ) )
right bridge ¢,) leads and the power flows from the DC bus Fig- 5 Typical bridge voltage sequence for SPS operat
to the battery. forward operation

The beginning of the cycle is considered when the
right bridge voltages, becomes positive. The state of the o .
bridges voltages and the output current for the four modes! @l€ 1 Modes description for SPS modulation case

-40V+

are described in Table 1. forward operation
Based on each mode description, the substitution of __Mode [ 2 Ipridge
the values on equation (34) will determine the dynamic M1 Ve Vpat n(igs; — ipm)
matricesA; and input matrices;, wherei = 1, 2, 3, 4. M2 Vac Vpat n(igss — ipm)
In SPS modulation the frequency is fixed and the M3 Vae —Vhat —N(iLs; — ipm)
phase-shift between the output voltage of the two bridges is M4 —Vye —Vhat —n(i g1 — ipm)

a known angle between 0 and 90 degrees. Therefore, the
duration of each mode is fixed and can be calculated based
on the period value and phase-shift angle. The duty cycle fol sov V(NOO7,N009)
the first mode is then determined as follows:

V(NO10,N008)

(7)) 1= MG, | SNSRI % . WO

d _ PS 40\1_.A............:.A.........A...i“. camen
=
360 (C5 R W Vo | o
The remaining duty cycles are calculated based on ov. T T
the waveform’s symmetry:d, = 0.5—-d, , d; =d; and ol f L S : ‘
dy = d,. R e e s s =

Once the state-space description and mode durationsov- ot |
are obtained, the cyclic technique is used to model the
converter. i
From (26), (32) and (33the steady-state average .sov
values of the state-variables are calculated and, to verify the *
model over a cycle, the equations (22) and (26) are used fo
calculation of the values of the state-variables at the
beginning of each mode (at timgs t,, t, andt; in Fig. 5.

11T s e froeaneneaes ;

T T T T T T T
us 465ps 467us 469us 471ps 473pus 475us 47Tus

IEig. 6 Typical bridge voltage sequence 8P M operation
ando0° < a < 180°, forward operation

4.2, lic- i lysis for PPM lati - .
Cyclic-averaging analysis for modulation Table 2 Modes description for PPM modulation wh

For converters operating under PPM modulation the 90° < a < 180°, forward operation

state-variable description from sections 3.1 and 3.2 and Mode Y1 V2 ridge
matrix representation from equation (34) remain the same. M1 —Vac Vbat n(iLsy — ipm)
The difference from the previous case is the modes M2 0 Vbat n(iLsy — ipm)
description, now a cycle is divided in eight modes. M3 Vac Vpat n(ipsy — iLm)
Consideringa; = a, = a, the modes configuration also M4 Vac 0 0
changes depending on therange. For this analysis the M5 Vac ~Vpar —n(ips1 — iLm)
angleg is considered fixed at +90° depending on power M6 0 —Voar —n(izsy = iLm)
flow direction. M7 —Vac —Vbat —n(iLs1 = iLm)
The operation in forward mode whe9€° < a < M8 —Vac 0 0

180° is presented in Fig. 6. Considering the beginning of a



Since the frequency and phase-shift anglesda sov L 3 — :
are known, the duties are calculated as follows. oovd [ . R N . . .
—-90+a ' '
1= 736y~ B = ds =d, ATy """"""""" P """""" """
(36) 20V R £ SSR FER SH T et oot o
| | %
_180-a . P My M, M, Mal_M‘_I Ms| M; [ Mg :
27 " 360 dy =de = dg 20V oo ennsorpesrebbnaremnenssfans I

-40V+

Considering now a <90° and forward mode i i i | | 1
operation, the new configuration of bridge voltages is SROWN-ove b S
in Fig. 7. . i ‘ i ‘ ‘
For this case the description of the eight modes is s  4osus  407us  aoSus  4tips 413y 415us 417y
presented in Table 3.

The duties are calculated as in (37). Fig. 7 Typical bridge voltage sequence B8P Moperation
anda < 90°, forward operation

d =~ —d, =ds = d,
360 Table 3 Modes description for PPM modulation whers
(37)  90°, forward operation
90 — a Mode vy vy Ipridge
dy =g =ds=ds =g M1 0 Viat n(izs1 — ipm)
M2 0 0 0
Whena = 90° the operation is reduced to 4 modes. M3 Vac 0 0
Both models presented for PPM operation can be used for M4 0 0 0
this case since, according to the duties calculations in M5 0 —Vpar —n(ips1 — iLm)
equations (36) and (37), the duration of the four modes that M6 0 0 0
are eliminated during 90° operation will be equal to zero. M7 —Vac 0 0
Similar to the SPS modulation case, the state- M8 0 0 0
variables average values can be calculated using the cyclic
i H 2
modelling equations. ? 1 no_ @nf)? (39)

T Uy + L)Coy  LC
5. Experimental and simulation validation ot mast s

To verify the models proposed, a converter was As a result, a base reactance valijjecan be defined:
designed based on a methodology proposed in. [L4g
state-variable and cyclic models described in sections 3 and X = Xes1 — Xis1 = Xpm = n*Xesr (40)

4 were simulated in Simulink and MATLAB with
validation of the results being done against a nearly ideal
component-based Spice simulation. A general output power expression power is obtained

After simulation validation, a prototype was built and based on the modulation angles, as shown 4d), (
experimental results ra also verified against Spice considering the most significant part of the power is
simulation. The Spice model to experimental validation is transferred at fundamental frequency.
modified to include practical values of resistances and
inductances. 8nV, .V, a a

Pyt = 7£—§(j‘”sin(¢)) sin (?1) sin (72) 41)

5.1. Converter design

) ) The modulation angleg, a, anda, were defined in
A 110W, 48-12V, CLLC converter is designed to section 2. For the SPS modulation case the values aifid
operate at 100 kHz. The DC voltage conversion ratio isy, are fixed at 180 The maximum output power can be

defined in equation (38). The value of DC ratio does notca|culated considering the maximum  modulation
affect significantly the operation of converters under PPM gnglesp. = 90° a; yuy = oty max = 180°, resulting in:

modulation; however, a conversion ratio close to 1 results
in considerably higher efficiency and smaller bridge currents 81V, Vpar
for SPS modulated converters, especially for low-power Pour = X
applications [14]. Therefore, the chosen turns ratie 4. n

(42)

The parameters obtained from this design procedure

Yee _ . Voar (38) are listed on Table 4.

=n
Vpri Vdc

DCrgtio =1

) _ 5.2. Simulation results and model validation for SPS
wheren is the transformer turns ratio. modulation

The resonant network is tuned to the switching
frequency as in (39).



Table 4 Parameters values for CLLC converter

Parameter Value 10 I
Ve 48 Vv s
Vpat 12V 8t -
Cr, G 300 pF .
Ly 54.04 pH Z ol
Csy 31.24nF = *
L, 27.02 pH £
Cs, 1.5 uF S 4r *
The converter was simulated based on the desigr 5| i
developed in section 5.1 considering forward and reverse . B LTspice
operations. The converter is simulated for phase-shift angle: * gt{altle:kv:::!:l:ﬁmg
(¢) from 10 to 90 in ten degrees steps. 0 : : - :
The resistance associated to the filter capacitor is 0 20 @ 60 80
neglected and consequently the output voltage is given by Phase-shift angle(°)

the output filter capacitor voltage., for forward mode and

v for reverse mode. Based on the value obtained for
average output voltage and the equivalent circuits, the
average output current and power can be calculated from (4. 2.5
for forward operation and (44) for reverse operation:

Fig. 8 Simulation results for SPS modulation, forward
operation

__ VYcravg—Vbat _ 2
Iout - T ’ Pout - Vbatlout + rblout (43) .

—
th
T

__ Vciavg—Vdc _ 2
Loyt = — s Pout = Vaclout + Taclout (44)

Current(A)

-
T

wherer;, andr,. are small value resistors in series
with the voltage sources. 05l
The average values of output current are measurec ’ O LTspice
for both models and compared to results from a LTspice * gt’:;':v'::i”:;'ﬁ'“g
simulation. Results for forward operation are shown in Fig. 0 : : : :
8 and reverse operation in Fig. 9. 0 20 @ 60 %0
From figures 8 and 9 it can be noticed that both state- Phase-shift angle(°)
variable and cyclic-averaging models are accurate compared ) ) .
to Spice. For some points the LTspice result is slightly Fig. 9_ Simulation results for SPS modulation, reverse
different, mainly due to the difference in precision used for ©Peration
the average voltage calculation in MATLABmMulink . .
simulations (4 decimal places) and LTspice simulations (3 1@0leS: Variables at, for 90° phase-shift - Forward mod

decimal places). Cyclic- State- LTspice
To verify the accuracy of the models during a whole i averaging variable

cycle, the state-variables values on steady-state were irs1 -3.094 A -3.097A -3.136 A

checked at the beginning of each mode, paints;, t, and Vest -3.782V -3.967V  -3.880V

t; from Fig. 5. In Tables 5 and 6 the results obtained at point fim -4566 A -4567A  -4597 A

t, are shown. Veso -15.543V  -15,510V -15.536 V

The results obtained for the two proposed models are _ .
similar to the Spice results. Part of the error is a result of theTable 6: Variables at, for 90° phase-shift - Reverse mod

difficulty to measure the current and voltage values for the Cyclic- State- .
. ) o : . LTspice
LTspice and state-variable models at the exact point in time averaging variable
when each mode starts. irs1 0.490 A 0.506 A 0.490 A
In Table 7 the average execution time for the three Vest -186.622V -186.500V -184.696 V
models is compared. The results obtained by cyclic- im -3.582 A -3.573 A -3.591 A
averaging method are directly steady-state while state- Veso -0.935V -0.987 V -0.916 V

variable and Spice models need to be simulated until steady-

state is reached, around 7ms. Therefore, for comparison botfrable 7: Comparison of execution time of proposed moc
state-variable and spice models have a simulation time ofor SPS modulation

8ms with 10ns step size. The execution time when using Cyclic- State- .
cyclic-averaging technique is reduced compared to state- averaging  variable L Tspice
variable and Spice models. i
P Execution 0.005 44.790 25.790
time (s)




5.3. Simulation results and model validation for PPM The averaged execution times of the models are

modulation compared in Tablel0. The cyclic-averaging is still the
model with the most reduced execution time. Due to the four
The same simulation analysis made for SPS additional modes on PPM modulation, the simulations of

modulation is repeated for the PPM modulation case. In thecyclic-averaging and stateriable models are more

PPM case the angle between the bridges is fixed and theomplex, therefore the execution time is increased compared

output power will be controlled using the phase-shift angleto the SPS modulation case. The simulation time and step

between the bridge legs, For this analysis the phase-shift size used for the SPS and PPM case are the same.

anglea is normalized according to equation (45). Results For both SPS and PPM modulations casewds

for forward and reverse operation are presented in Fig. 10bserved that, similar to the output current, the maximum

and 11. output power is achieved for maximum modulation angles

and it decreases with the reduction of the phase-shift angles.
a

Tratio = Ta00 (45) 5.4. Prototype results

As for the SPS modulation case, it was observed that After the validation by simulation, a prototype was
both cyclic-averaging and state-variable models are accuratépuilt and simulation and practical results are compared. The
when compared to the Spice model difference between designed and practical values is shown

The values of state-variables are compared betweerin Table 11. The voltage and frequency are still kept at 48-
the three models and the results obtained along the cycle ar12v and 100 kHz.
similar, showing the accuracy of the models proposed. In For the tests, a 0-60V power supply is used as input.
Tables 8 and 9 the variables values at the start of a cycle argince the aim of this study is to verify the model of the
presented for the three models. Similarly to the SPS casegonverter, a resistor, which is simpler to model, is used in
there is a small error associated to getting the measuremenhe place of the output battery. This way it is not necessary
exactly when each mode starts. to develop an accurate simulation model for the battery in

10 . . ‘ ‘ order to compare simulation and experimental results. The
J, values of resistors are chosen as the equivalent to reproduce
! ® a test with an output battery under maximum modulation.
8 |-
= Table 8: Variables at the start of mode 1 tor,;;, = 0.75
< 6t ! in forward mode
11 Cyclic- State- .
E : ) Ltspice
= " averaging variable
S 47 _ ] i1s1 -1.537 A -1.529 A -1.552 A
* Vest -156.991V -156.900V -158.284 V
2t # B LTepke ] i1m -4.1341A  -4128A  -4.146 A
P Cyclic-averaging Vcs2 5411V -5.392 vV -5.421V
& % State-variable
"u 0.2 0.4 0.6 0.8 1 Table9: Variables at the start of mode 1 to;, = 0.25
Alpha ratio in forward mode
Cyclic- State- .
. . . . . . Ltspice
Fig. 10 Simulation results for PPM modulation, forward averaging  variable
operation i1s1 0.254 A 0.258 A 0.256 A
Vest -60.695 V -60.63V  -60.934V
25 45 irm -0.080 A -0.071 A -0.076 A
# Veso 2.830V 2.851V 2.834V
2l H
# Table 10: Comparison of execution time of propos
= models for PPM modulation
g 157 i Cyclic- State- .
= : ) Ltspice
= - . averaging variable
S 1 ' Execution 4 508 61.904  23.641
time (s)
- " pic . .
03 o0 Llspiee Table 11: Designed and practical values for CLL
P Cyclic-averaging
& %  State-variable prOtOtype
0 ' : ‘ ‘ Parameter Practical values Theoretical values
0 02 'f;: . 08 ! Loy 51.844uH 54.04 H
pha Ftio Cer 28.408nF 31.24 nF
Fig. 11 Simulation results for PPM modulation, reverse Lm 32089uH 27.02 uH
. Csy 1.355uF 1.5puF
operation
n 3.998 4




The cyclic-analysisvas modified to consider the load
resistorR;,,. andR ., at the output. The output current and

The phase-shift angl¢ between the primary and
secondary bridges is measured for different SPS modulation

power are now calculated using the averaged output filtercases, between 10 and 30 degrees, and an average difference

voltage obtained from the cyclic-averaging method, as in
(45) for forward operation and (46) for reverse operation.

Ve i 2
out — fazg1 Pour = Rforlout (45)
Iy = 259 p =R olou?
out — - Pout = frevlout (46)

whereves 4,y andvg; o, are obtained from the application
of (30)-(33) to the cyclic-averaging model.

In SPS modulated converters, the output voltage and
current of the converter are controlled by the phase-shift
angle between primary and secondary bridggswhile the
power flow direction is controlled by the sign of angle
When testing a PPM modulated convertgr,is kept at
+90° and used only to control power flow direction, the
output voltage and current is regulated using the phase-shift
angles between the legs of each bridge GSimilar to the
simulation analysis, here the prototype was tested in open
loop in order to verify a wide range of the phase-shift angle
a andg and thé& influence on the convertaroutput.

of 3.2% is obtained between the set and measured phase-
shift angle. Therefore, the duty cycle equations for the
cyclic-averaging method and Spice simulations are modified
to take into consideration this angle offset. Explicit
modelling of the deadtime was not considered here since
this would result in a significantly more complex analysis,
with the modification and addition of new operation modes
to the cyclic analysis.

Fig. 12 Non-ideal equivalent circuit

At simulation stage the Spice, cyclic-averaging and (&) Inductor (b) Capacitor

state-variable models were simulated in nearly ideal
conditions. For comparison with the experimental set-up, the
Spice simulation is modified to include the measured values
of turns ratio, transformer leakage inductance, resistances of
switches, and the non-ideal model of capacitors and
inductors including parasitic elements, as shown in Figure
12. The components practical values were measured using
the Bode 100 Vector Network Analyser. The cyclic-
averaging model is simulated based on the equivalent circuit
from Figure 4, therefore only the series resistances,
inductances and capacitances are considered. The
transformer leakage inductance, parallel resistances and
parallel capacitances are neglected at first to avoid
modifications in the equation description and increased
system complexity.

Since the cyclic-averaging model is derived from
state-variable description, both methods have very similar
accuracy but the use of cyclic method results in a fast
steady-state analysis. Therefore, experimental results are
compared to Spice and cyclic-averaging model simulations.
The results for forward and reverse operation are shown in
Fig. 13 and 14. Both models can successfully predict the
behaviour of the converter for variations of phase-shift angle
and alpha ratio. However, the cyclic-averaging is not as
accurate as the Spice simulation due to the simplifications
adopted

For the implementation of the cyclic-averaging
method, the influence of system delays must be considered
and incorporated into the duty cycle values calculations
since these delays can cause variations on the phase-shift
angles initially implemented. From experimental validation
of a converter operating under SPS modulation, it was
observed that implementation of small values of phase-shift
are subject to reduced precision from the microcontroller

and higher influence of delays, contributing to increasedFig. 13 Comparison between Spice, cyclic-averaging and
experimental results in forward madg,,,; = 1.5Q

errors between simulation and prototype results.
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Output current (A)
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incorporated into the modelsTo further improve the
accuracy of the cyclic method without changing the
equation description, the non-ideal inductor circuit from Fig.
12-a can be reduced to an equivalent inductive reactance in
series with a resistor and the leakage inductance of the
transformer is incorporated to the reactance value of the
secondary capacitor. This way, all parasitic elements
considered in the Spice simulation are also incorporated to
the cyclic method improving the comparison between the
models.

The results using the optimized cyclic and Spice
models are shown in Fig. 16 and 17. It is observed that the
accuracy of the cyclic-averaging model was improved, and
results are very close to Spice for both modulation methods.

Considering operation in forwamodeat maximum
modulation ¢ = 90° anda,.,:;, = 1), a difference of 150
mA (2.21%) is measured between Spice and prototype
results of output current, while a 200 mA (12.9%) difference
is measured for reverse mode.

The simulation results for the SPS modulation test
case are now closer to experimental also due to the phase-
shift angle compensation implemented. No significant

Output current (A)
#-00

0.0 02 03 04 05 06 0.7 08 09 1
Alpha ratio

b

Fig. 14 Comparison between Spice, cyclic-averaging and
experimental results in reverse moflg,; = 22Q
(a) SPS modulatioifb) PPM modulation

According to the soft switching analysis of the phase-
shift modulated CLLC converter performed in [17], when
using PPM modulation soft switching is only acladvor
a = 180°. The output current of the secondary bridge is
negative when the bridge voltage transitions from negative
to positive, resulting in Zero-Voltage Switching (ZVS)
operation, while the primary bridge is near Zero-Current

g as
¥ | modulation anglex and¢ can be used as control variables
i to regulate the converter.

difference is observed for the PPM modulation case.

As previously observed in the simulation analysis,

Gain

1

angles decrease.

Therefore,

* the values of output current, and consequently output power,
are maximum for maximum modulation angles and decrease
the phase-shift

the

0.9

0.8

0.7

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Alpha ratio

Switching (ZCS) As a decreases, ZVS and ZCS no longer forward mode.

occur. For SPS modulated converters, the increase of
voltage mismatch between primary and secondary results in
high circulation current, hard switching operation and large
current spikes, therefore, soft switching is obtained when the
ratio between primary and secondary voltages is close to
unity. For the investigations performed and all modulation
cases analysed, the voltage gain of the resonant tank circuit
is closest to unity at maximum modulation and decreases as
the phase-shift angles decrease, as shown in Fig. 15 for a
PPM modulated converter operating in forward mode.

For a converter operating under PPM modulation,
results were not significantly affected by voltage mismatch
and delays, even when testing small valuas.qf; .

The prototype was not designed and optimized to
achieve maximum efficiencytherefore, the circuit’s loss
elements may significantly influence the results and must be

Output current (A)

Single phase-shift modulation - Forward mode

Fig. 15 Voltage gain for PPM modulated converter in
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Fig. 16 Comparison between Spice, cyclic-averaging and
experimental results, optimized models in forward mode
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(a) SPS modulatioifb) PPM modulation

Single phase-shift modulation - Reverse mode

simulation and practical results are lower for the PPM
modulation case, due to the increased sensitivity to delays
and parasitic elements in the resonant tank when operating
under SPS modulation and the difficulty to accurately
incorporate the system’s delays to the simulation models

Still, it is important to note that other loss elements in
the circuit, as wire resistances and inductances, are not
included in simulation models, contributing to errors.

To analyse the influence of increased resistances on
simulations, considering the maximum modulation case, an
addition of 100m< on the primary side would result in a
decrease of output current of 0.53% (36.1mA) for forward
mode and 0.15%2(3mA) for reverse mode.

Introducing 100mQ on the secondary, which is the
high current side, would result in a change in output current
of 091% (615mA) for forward mode and 55% (85.9 mA)
for reverse mode. Therefore, reverse mode results, which
have low current output, are more significantly affected by
additional resistances in the secondary ,sidiso high
current side, of the resonant tank.

Overall, the cyclic-averaging method resulted in an
accurate analysis, with the advantage of having significantly

reduced execution time compared to more traditional
methods as Spice and state-variable. Here, the method was
applied to evaluate the influence of the phase-shift
modulation angles on the convergebehaviour. The cyclic-
averaging method can also be used to perform a fast steady-

% state analysis of the converter during the design and control

processes, where the components voltage/current stress and
influence of the circuit parameters can be accurately
evaluated.

6. Conclusions
In this paper state-variable and cyclic-averaging
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models were proposed to describe the operation of a
bidirectional resonant CLLC converter. The converter is
considered operating under two types of phase-shift
modulation: single phase-shift and pulse-phase modulation.
The models were developed and simulation results were
verified against a Spice simulation, showing that both
models can be used to accurately predict the behaviour of
the CLLC converter under both types of modulation for an
ideal designFurthermore, it was confirmed that the use of
cyclic-averaging techniques results in a rapid analysis, with
lowest execution time between the models tested.
Experimental results shead reduced error in comparison to
both Spice and cyclic-averaging results. Therefore, both
models could adequately predict the behaviour of the
converter operating under SPS and PPM modulation. It was
also observed that converters operating under SPS
modulation are more sensitive to delays in the systm
performance deteriorates when testing small phase-shift
angles. To reduce errors and improve the system operation,
further changes could be done to the system with the
addition of iron losses of transformer and wire resistances

Fig. 17 Comparison between Spice, cyclic-averaging andand inductances to the Spice and cyclic-averaging models
experimental results, optimized models in reverse mode considering a trade-off between accuracy and complexity of

Roue = 220

(a) SPS modulatiofb) PPM modulation

Even with the delay compensation implemented and
addition of parasitic elements to the models, errors between

the resulting system.

7. Acknowledgements

This work has been supported by CNPBrazilian National
Council of Scientific Development (Grar201065/2015-0).

11



(1]

(2]

(3]

(4]

(5]

(6]

[7]

(8]

(9]

(10]

(11]

(12]

(13]

References

Liu, C., Wang, J., Colombage, K., et:alA CLLC
Resonant Converter Based Bidirectional EV Charger
with Maximum Efficiency Tracking’, 8th IET
International Conference on Power
Machines and Drives (PEMD 2016), Glasgow, UK,
2016, pp. 16.

Krismer, F., Kolar, J.W.: ‘Efficiency-optimized high-

current dual active bridge converter for automotive [15]

applications’, IEEE Transactions on Industrial

Electronics, 2012, 59, (7), pp. 2745 60.

Ferreira, R.J., Miranda, L.M., Araljo, R.E., et:aA
new bi-directional charger for vehicte-grid
integration’, 2nd IEEE PES International Conference
and Exhibition on Innovative Smart Grid Technologies,
Manchester, UK, 2011, pp-3.

Xue, L., Diaz, D., Shen, Z., et alDual active bridge

based battery charger for plug-in hybrid electric [17]

vehicle with charging current containing low frequency

ripple’, IEEE Transactions on Power Electronics, 2015,
30, (12), pp. 72997307.

Oggier, G.G., Garcia, G.0., Oliva, A.R.: ‘Modulation

strategy to operate the dual active bridge DC-DC [18]

converter under soft switching in the whole operating
range’, IEEE Transactions on Power Electronics, 2011,
26, (4), pp. 12281236.

Wang, D., Peng, F., Ye,,Jet al: ‘Dead-time effect
analysis of a three-phase dual-active bridge DC / DC
converter’, IET Power Electronics, 2018, 11, (6), pp.
984-994.

Krismer, F., Biela, J., Kolar, JW.: ‘A comparative
evaluation of isolated bi-directional DC/DC converters
with wide input and output voltage range’, Fourtieth
IAS Annual Meeting. Conference Record of the 2005

Industry Applications Conference, Kowloon, Hong [21]

Kong, 2005, pp. 59%06.

Deng, J., Li, S., Hu, S., et alDesign Methodology of
LLC Resonant Converters for Electric Vehicle Battery

Chargers’, IEEE  Transactions on  Vehicular
Technology, 2014, 63, (4), pp. 158592.

Liu, C., Smieee, J.W., Colombage, K., et &urrent
Ripple Reduction in 4kW LLC Resonant Converter
Based Battery Charger for Electric Vehicles’, 2015

IEEE Energy Conversion Congress and Exposition [23)

(ECCE), Montreal, Canada, 2015, pp. 663@21.

Foster, M.P., Gould, C.R., Gilbert, A.J., et:al.
‘Analysis of CLL voltage-output resonant converters
using describing functions’, IEEE Transactions on
Power Electronics, 2008, 23, (4), pp. 177281.

Gould, C., Bingham, C.M., Stone, D.A., et:dCLL
resonant converters with  output
protection’,  IEE  Proceedings-Electric
Applications, 2005, 152, (5), pp. 1296306.
Chen, W., Rong, P., Lu, Z.: ‘Snubberless bidirectional
DC-DC converter with new CLLC resonant tank
featuring  minimized  switching loss’, IEEE
Transactions on Industrial Electronics, 2010, 57, (9),
pp. 30753086.

Malan, W.L., Vilathgamuwa, D.M., Walker, G.R.:

Power

Electronics, [14]

short-circuit [25)

‘Modeling and Control of a Resonant Dual Active
Bridge with a Tuned CLLC Network’, IEEE
Transactions on Power Electronics, 2016, 31, (10), pp.
72977310

Twiname, R.P., Thrimawithana, D.J., Madawala, U.K.,
et al: ‘A Dual-Active Bridge Topology with a Tuned
CLC Network’, IEEE Transactions on Power
Electronics, 2015, 30, (12), pp. 654550.

Zahid, Z.U., Dalala, Z.M., Chen, R., et:&Design of
bidirectional DC-DC resonant converter for Vehicle-
to-Grid (V2G) applications’, IEEE Transactions on
Transportation Electrification, 2015, 1, (3), pp. 232
244,

Zou, S., Member, S., Lu, J., et:alBi-Directional
CLLC Converter With Synchronous Rectification for
Plugdn Electric Vehicles’, IEEE Transactions on
Industry Applications, 2017, 54, (2), pp-6l

Malan, W.L., Vilathgamuwa, D.M., Walker, G.R., et
al.: ‘Novel modulation strategy for a CLC resonant
dual active bridge’, 9th International Conference on
Power Electronics and ECCE Asia (ICPE-ECCE Asia),
Seoul, South Korea, 2015, pp. 7564.

Visser, H.R., van den Bosch, P.P.J.: ‘Modelling of
periodically switching networks’, PESC 91 Record
22nd Annual IEEE Power Electronics Specialist
Conference, Cambridge, MA, USA, 1991, pp-B63.

Foster, M.P., Sewell, H.l., Bingham, C.M., et:al.
‘Cyclic-averaging for high-speed analysis of resonant
converters’, IEEE Transactions on Power Electronics,
2003, 18, (4), pp. 98®93.

FariasMartins, L., Stone, D.A., Foster, M.P.: ‘State-
Variable and Cyclic-Averaging  Analysis  of
Bidirectional CLLC Resonant Converters’, The Journal

of Engineering, 2019, 2019, (17), pp. 438368.

Inoue, S., Akagi, H.: ‘A bidirectional DC-DC
converter for an energy storage system with galvanic

isolation’, IEEE Transactions on Power Electronics,
2007, 22, (6), pp. 2292306.

[22] Naayagi, R.T., Forsyth, A.J.: ‘Bidirectional DC-DC

converter for aircraft electric energy storage systems’,

5th IET International Conference on Power Electronics,
Machines and Drives (PEMD 2010), Brighton, UK,
2010, pp. 16.

Kheraluwala, M.H., Gascoigne, R.W., Divan, D.M., et
al.: ‘Performance characterization of a high-power dual
active bridge dde-dc converter’, IEEE Transactions
on Industry Applications, 1992, 28, (6), pp. 122301.

Madawala, U.K., Thrimawithana, D.J.: ‘Current
sourced bidirectional inductive power transfer system’,
IET Power Electronics, 2011, 4, (4), pp. 4480.

Mohamed, A.A.S., Berzoy, A., Nogueira de Almeida,
F.G.N., et al. ‘Modeling and Assessment Analysis of
Various Compensation Topologies in Bidirectional
IWPT System for EV  Applications’, IEEE
Transactions on Industry Applications, 2017, 53, (5),
pp. 49734984.

12



