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Generalized State-Plane Analysis of Bidirectional
CLLC Resonant Converter

Mohsen Rezayati, Farzad Tahami, Senior Member, IEEE, Jean-Luc Schanen, Senior Member, IEEE, and Benoit
Sarrazin, Member, IEEE

Abstract- The CLLC resonant converter is a promising
candidate for high efficient, bidirectional power transfer
applications such as vehicle-to-grid (V2G) on-board charger and
hybrid vehicle DC-DC converter. Nevertheless, the analysis of
CLLC still remains challenging because of its complex multi-
resonant nature and several storage elements. In this paper, a
circuit analysis method based on change of variables is presented
that maps the state space equations into two decoupled sets of
equations. The analyses are carried out in two state-plane
coordinate systems, then the results are mapped onto the original
region. The proposed method is then used to thoroughly analyze
the CLLC resonant converter operating in the continuous
conduction mode (CCM). The voltage and current stresses of
components, zero voltage switching condition, output voltage
gain, output characteristic diagram, and mode boundary of
CCM/DCM are then obtained. The accuracy of the proposed
approach is verified by the experiments on a 3 kW bidirectional
CLLC resonant converter with GaN transistors as the primary
and secondary side switches. The results confirm the accuracy of
the proposed state-plane analysis of the CLLC resonant
converter operating in either direction of power transferring.

Index Terms— resonant converter, state-plane analysis, soft
switching, Bidirectional DC-DC converter.

I. INTRODUCTION

s more renewables step in, the ongoing change will be

drastic for the electrical grid. The energy sector must find
new ways to balance energy production and consumption.
Electric vehicle (EV) batteries are by far the most cost-
efficient form of energy storage since they require no
additional investments in hardware. Vehicle-to-grid (V2G) is a
technology that enables energy to be pushed back to the power
grid from the battery of an electric car. V2G operation is
possible when then on-board charger of EV is capable for
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bidirectional power flow. The CLLC resonant converter is a
promising circuit for bidirectional power conversion in
applications such as bidirectional electric vehicle charger and
hybrid vehicle DC-DC converter [1-9]. This converter is
bidirectional in nature [6] and is an appropriate candidate for
future V2G systems which was first proposed in [10]. The
converter exhibits the advantage of LLC resonant converter in
both power directions [11]. The CLLC resonant converter is
superior to the conventional dual active bridge (DAB)
converter in terms of efficiency and power density [12].

Nevertheless, this type of resonant converters has to be
carefully designed, to provide soft switching and proper
control over a wide operating range. The first harmonic
approximation (FHA) is a simple analysis method, which only
considers the fundamental components of applied voltage and
current to the resonant tank [13]. Due to its simplicity, the
FHA method is widely used in the analysis and design of
CLLC resonant converters [5, 8, 11, 14]. However, the
accuracy of this method is deteriorated when the voltage and
current of load (i.e. the battery) are widely changed or the
converter operates in discontinuous conduction mode (DCM)
[15].

Time domain analysis (TDA) or state space analysis (SSA)
is a general steady state approach for the exact analysis of
resonant converters. In this method, the state space equations
of each subinterval are solved and the time domain
expressions of state variables are obtained over one switching
period. TDA is particularly useful for simulation purpose but
it is too complicated to be used for design of a resonant
converter with several energy storage elements [16].

A graphical and geometrical method for exact analyzing of
the resonant converter is the state-plane analysis where current
or voltage of the resonant tank elements is calculated as a
function of the other variables and plotted in a 2D or 3D
diagram [17, 18]. The exact circuit behavior and design
criteria in CCM and DCM operation can be obtained using
this method [19, 20]. The analytical equations extracted by
state-plane analysis can be used directly in the optimization
process to increase accuracy. State-plane analysis has been
applied to the converters with two or three resonant elements
[19, 21-23], but the CLLC resonant converter has five
resonance elements (two series capacitor-inductor and one
transformer) and state-plane analysis is hard to accomplish.
Therefore, most of the researches have been focused on FHA
and TDA methods [8, 10-12, 24-29].
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Fig. 1. The bidirectional CLLC resonant converter, (red and blue signs are
corresponding to the forward and the reverse power conversion).
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Fig. 2. Typical CLLC resonant converter operation for above resonant
frequency in the forward power transfer mode.

In this paper, a detailed exact analysis approach based on
state-plane analysis is proposed for the bidirectional full-
bridge CLLC resonant converter. For this purpose, a new
formulation of state-space equations is presented and the high-
order system of CLLC resonant converter is decoupled into
two lower-order systems. Based on the proposed method, the
exact analysis of converter in CCM, the voltage and current
stresses of the resonant elements and switching components,
the gain ratio, soft switching criteria, and the boundary
between CCM/DCM are obtained. The accuracy and
feasibility of the proposed method are verified by simulation
and experiments and the results are compared with the FHA
method.

II. OPERATING MODES OF THE CLLC RESONANT CONVERTERS

The circuit diagram of the bidirectional full-bridge CLLC
resonant converter is shown in Fig. 1, where the voltage
polarities and current directions for the forward power
conversion are denoted in red and for the reverse power
conversion are denoted in blue. Thanks to the symmetric
structure of the CLLC resonant the circuit analysis of
converter is the same for both cases. In this paper, only the
forward power transfer mode will be discussed in details. The
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Fig. 3. Equivalent circuit of CLLC resonant converter in subinterval 1 (a),
subinterval 2 (b), subinterval 3 (c), and subinterval 4 (d).

TABLE I
EXCHANGING THE NOTATIONS FOR THE FORWARD AND THE REVERSE
POWER TRANSFER MODES
Forward Reverse
Vin > Vour
C1 <« C2
L1 And Lz
L “— Ln" (=Lw/n?)
L', (=n’L,) — L," (=Li/n?)
C" (=Co/n?) — Ci" (=n’Cy)
V'out (=nVour) > V" (=Viv/n)

analysis of the converter in the reverse power transfer mode
can be performed in the same manner just by exchanging the
notations as shown in Table I. The primary active full bridge
is composed of four GaN transistors. The switching network
of the secondary side is also formed in a similar manner as the
synchronous rectifier. The resonant tank is comprised of
capacitors C; and (>, the transformer magnetizing inductance
L,,, and the primary and secondary leakage inductances L; and
L. Depending on the desired power flow direction, the bridge
of one side acts as inverter and that of the other side acts as
synchronous rectifier.

Typical waveforms are shown in Fig. 2, assuming that the
converter operates in the CCM, and that secondary side H-
bridge acts as a diode rectifier, where the gate signals of
transistors Ss~Sg are applied at the iz, zero crossing, i.e. t, and
t4. Depending on the switching state and the secondary side
current, the CLLC resonant converter operates in four possible
operation modes in a complete switching period. The
equivalent circuits of each operation mode are shown in Fig.
3. To have a single voltage level, the equivalent circuits are
referred to their primary sides by defining:

L,'=n’L,, C,'=C,/n>, V 'y, =0V, , v,"=nv, 1)

There are four subintervals in a cycle during each one the
converter operates in a particular mode:

Subinterval 1 (to<t<t;): This interval begins with positive-
going zero crossing of the secondary current i'’z,. The primary
current, iz;, is negative and passes through S; and S4 in the
reverse mode operating of the GaNs which leads to v; = V.
Also, i'7> is positive and the synchronous rectifying GaN
transistors Ss and Sg are conducting causing v’ = V'gur. From
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the equivalent circuit shown in Fig 3(a), the state space
equations of the CLLC resonant converter during subinterval 1
can be expressed as follow:

wa)_1; ()
dt c,
dv 'Cz(t) 1,
“a oyl @
diLl (t) L '2+ Lm Lm ’ L ,2+ Lm Lm r
dt == T vcl_rvcz_ T 1 l_vz
di ’LZ(t)7 Lfm LI+Lm ’ Li LI+Lm '
d __FCI_ T CZ_FI_ T Vo,
where I is defined as:
r=LL',+LL, +L",L, 3)

This interval ends when the gate signal “Gate 1” to the
transistors S and Sy is turned OFF.

Subinterval 2 (t;<t<t;): Fig. 3 (b) shows the circuit in this
subinterval. At the beginning, the gate signals force all the
inverter side transistors to be OFF. The transistors S, and S;3
are turned ON during this subinterval with zero voltage
switching (ZVS), and conduct in the reverse mode, hence v; =
—Vin. This subinterval ends when i, reaches zero.
Consequently, the zero current switching (ZCS) is obtained for
rectifying GaN transistors S¢ and S;. The state space equations
of this subinterval are similar to (2) knowing that v; has the
opposite polarity from subinterval 1.

Subinterval 3 (t:<t<t3): As shown in Fig. 3(c), in this
subinterval, the switches S, and S; are ON and the input
voltage with reverse polarity is applied to the circuit, so v; = —
Vin. The secondary side current is negative and GaN rectifiers
S¢ and S7 are ON, hence v'> = —V'our. This interval is similar
to subinterval 1 except that the polarity of the input and output
voltages are reversed. Therefore, a similar analysis can be
performed. This interval ends when the gate signal “Gate 2” to
the transistors S, and S3 is turned OFF.

Subinterval 4 (t:<t<ts): The circuit diagram during this
interval is illustrated in Fig. 3(d). In this interval, the
transistors S; and S4 are turned ON under ZVS conditions due
to the negative current of the tank at the beginning of this
interval. This interval ends when i, reaches zero which
provides the ZCS condition for transistors Ss and Sg. The state
space equations of this subinterval are similar to (2) with v; =
VrN and v'z = fV'oUT.

The four sets of state-space equations are coupled and the
state-plane trajectory cannot be represented in two or three
dimensional coordinates. Therefore, a new method is given
here for the state-plane analysis of the CLLC resonant
converter.

III. PROPOSED NEW STATE-PLANE ANALYSIS OF THE CLLC
RESONANT CONVERTER

This section provides new decoupled sets of state-space
equations for analysis of the CLLC resonant converter. Let us
define the new state space variables i.p, iry, vcp, and vey as (4).

TABLE II
BASE VALUES FOR THE PARAMETERS OF SRC-P AND SRC-N

Definition [unit] Parameter Value
Base voltage for P-type [V] Vise.r ™
Base Voltage for N-type [V] Vasen Vi

\ILP /CP
\ILN /CN

Base impedance for P-type [Q] Ry p

Ry v

Base impedance for N-type [Q]

Base current for P-type [A] 1,..p Vi [Rop
Base current for N-type [A] Ly v Vin [Ron
1
Base frequency [Hz] fo 2L C
I1p =apip +i'p,
Iy =aylipy =i’ @)

— ’
Vep =€pVer TV ¢

_ ’
Ven =€xVer 7V ca

where ap, ay, ep, and ey are constants that depend on circuit
parameters as described in the Appendix:

a, =Ke,

ay, =Ke,
KL'Z—L1+(K—1)LW+\/(Ll—KL'2+Lm—KLm)Z+4KLmZ 5)

e =

g 2K Lm

KL +L+(1-K)L, +\/(LI ~KL',+Lm —KLm) +4KLm’

Y

2K Lm
In which K= C,/C; represents the ratio of resonant
capacitors. By substituting (4) into (2), the new decoupled
state space equations denoted by P and N are obtained.

dvep _ 1,
a  ¢c, "’ (6)
di,, 1 a,L'y+(1+a,)Lm L +(1+a,)Lm
— =V, — v, - v
dt L, < r ‘ r :
avy 1.
—— =iy
da C, (7
di,y 1 ayL',+(1—ay )Lm L+(1-ay )Lm
Y =7 Vv v+ Vo
dt L, r r

where Cp= Cy= C", and Lp and Ly are the equivalent
inductances for P and N states:
_ (eprey )L L,+LL, +L'L,) @®
K(L',+L,)e,+(L,+2L, ey, +L,
. (ep +ey )L L', +L,L, +L",L, ) ©
YL +L, e, +K (L'+ L, ey —L, (Keye, +1)e,
To generalize the analysis, the quantities are presented in
normalized form using the base quantities defined in Table II.
The normalized state space equations of CLLC resonant
converter can be expressed as follow:

P
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Fig. 4. Equivalent circuit for SRC-P (a) and SRC-N (b).

dm, 1 j
d[ 'LPCP LP
dj,, Ry a,L',+(1+a,)Lm 2 (10)
- cP 0.P
dt L, r
L +(1+a,)Lm
- = O,PM
r
dmey 1 j
dt LNCN LN
djx __RO,N _aNL’2+(1—aN )LmR (11)
= Mey 0N
dt L, r
L +(1- L
Jht(may)Lm R, M

where m and j denote the normalized voltage and current,
respectively.

Fig. 4(a) and 4(b) represent the equivalent circuits described
by (10) and (11) [30] which are denoted by the P-type series
resonant converter (SRC-P) and the N-type series resonant
converter (SRC-N), respectively. One can see that the
behavior of CLLC resonant converter can be modeled by two
series resonant converters which shown in Fig. 4. Polarity of
mpy and moyr depend to the particular subinterval. The

parameters Ap, Bp, Ay, and By are defined as follow:

A, =(a, (L',+L, )+Lm)xL, /T
B, =(L, (a, +1)+L,)xL, /T
(12)
Ay =(ay (L';+L, )~Lm)xL, T
By =(L, (ay —1)-L,)xL, /T

The state-plane diagram of each series resonant converter
consists of four circular arcs [17]. Fig. 5 shows the state-plane
diagram of the SRC-P and SRC-N, where the center and
radius of arcs are given in Table III. The included angles of
the arcs can be found by solving the geometry of the state-
plane as shown in Table I'V.

From Fig. 5, It can be observed that for the half switching
period, the sum of the arc angles of subintervals 1 and 2, i.e.,
o, +fy, satisfies the following condition for x € {P,N}.

@,
w +p =T Sw (13)
2fm Fx fO
where . is the base value of angular frequency and F is
the normalized switching frequency with x € {P,N}.

TABLE III
RADIUS (R) AND CENTER (O) OF THE SRC-P AND SRC-N ARCS

SRC-P SRC-N

M+ A+ BMY 4020, (M +4, B M) +J}

LN O

2N (Moo + Ap=BMY +T2 (Mot Ay +ByM ) +72,

LPO

Oy A, +B, xM Ay +B, xM
02 A, —B,xM A, —B,xM
03 —Ap, =B, xM —-A, —B, xM
Os4 —Ap +B,xM -Ay +B,, xM
TABLE IV
SOME ANGELES FOR THE STATE-PLANE DIAGRAMS OF SRC-P AND SRC-N
Angle Value Condition
ap L -r+4a” ) -—>P
cos | —— |F
ay 4axr, +—=>N
2 2 2
B cos! S —r, +4a +4 +—>P
By 4axr, -—>N
S 22 gp2ps2)?
’ sin | 22 1o = =AM same
Oy 4 4b x M xr,
Ap (- -4 M +—->P
cos | ——
A +4b x M xr, - >N

In the following section, component stresses are analyzed
using the state-plane diagram.

A. Stresses of Components

Calculations of voltage and current stresses of the resonant
elements and switches are an important step in designing
resonant converters. Selection of switches and other
components is commonly considered based on their maximum
voltage and current.

1) Current stresses

Fig. 6 shows three possible trajectories depending on the
value of fp which it is the arc angle of subinterval 1. 6y is the
angle corresponding to the time difference between the zero
crossing of iz; and ir..

For Bp<n/2, the peak current values, J;pP and J;.pN, can be
calculated from Fig 6 (a) as:

JpP =1, sin(a, +6,) (14)
JpN =ny sin(a, —6y) (15)

The radii 7, and 7,y of the state-plane trajectory in Fig. 6
(a), can be found as follow:

rp =1k +(24,) ~2r, (24, )cos (a, +6,) (16)

+(24, ) —2r,, (24, )cos (e —6,) (17)
From (16) and (17), and using the trigonometric equation

ofsinx =+/1—cos”x , the following equations are obtained:

2
hy =hy
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P2t 442 Y
rhp
rro—rly +4A4; ’
N'LN

By substituting (18) and (19) into (14) and (15), the peak
current values can be found as:

rzz,.v _’3,2P +4AI2’ ’
JLPP =np 1- T (20)
rhp
ey —rly +4d2 Y
JLPN =Ny 1- T (21)
NN

Using (20) and (21), the peak current of the primary and
secondary inductors, 17/ me and 172 mae , can be expressed as:

1
ILl,max = (JLPPXIbase,P +JLPN XIbas‘e,N) (22)
ap +aN
n
Iy me = (aPJLPPXIbase,P —ayJ N XIbase,N) (23)
ap +CZN

For PBp>mn/2+00, as shown in Fig. 6(c) the peak values J;pP
and JzpN can be obtained as:

JpP iy =1pcos (lp _60) (24)
. . T [base’N
JpN i, =nysin|| 6, +— —Jy (25)
base ,P
JpP iy, =rpcos(4,) (26)
. . T Ibme N
JpN _i,, =1y sin| —————=0, 27
base ,P

On the other hand for n/2<Bp<n/2+6y, the maximum value
of the primary side current happens at the switching instant.
So, JipP and JrpN should be calculated from (20) and (21) in
order to find 77/ma. The peak value of secondary current,
happens at wot=n/2. Therefore, JpP and J;pN should be
calculated from (26) and (27) in order to find iz max.

2) Voltage stresses

In steady state, the peak tank capacitor voltages occur when
the inductor currents reach zero since the resonant capacitor

SRCP|

Fig. 6. Maximum currents of the primary and the secondary sides in SRC-P
and SRC-N state-plane diagrams for; Bp<n/2 (a), n/2<Pp<m/2+6, (b), and
BP>TE/2+90 (C)

and inductor are in series on both sides, hence the capacitor
voltage is maximum when the inductor current is zero. In this
condition one can found from (4) that:

. _ . .y Y
lLP _aPlLl +1 L2 =1 L2

T (28)
Liy =ayly =L, =71,
which means izp = - iry or in the normalized form:
. [/m\'e N .
Jip =7 7 —J v (29)

base, P
which is a line in the j;p-jiy coordinate system. Therefore,
we need to plot a new state-plane trajectory, i.e. jrp-jin. Fig. 7
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Fig. 7. The j.p-j.v state-plane trajectory for calculating vcimax.

shows the state-plane trajectory of jzp-jrny which is obtained by
superimposing loci of jip-mcp and jiv-mcn. The related
triangles for the calculation of normalized voltage at iz;=0,
myxp and mxy, are redrawn in Fig. 7.

Using the law of cosines in Fig. 7, one can write:

2
ryp =(4, —B,M )2+cm—XPd—2(AP -B .M )C’::’; cos (IZ'—d)(30)

2
(N

2
12 =(Ay +B M Y+ 0 (4, +B M )2 gin | 2 g |(B1)
IN ( N N ) Sin2d ( N N )Sll’l 2
where d=tan” (Ipase n/Ipase,p). Therefore, myp and myy are

calculated as:
my, =—(A4, —B,M )cos’d +cosd\/r22,, —sin’d (A, —B,M )2 (32)

myy =—(Ay +ByM )sin®d +sind [ry, —cos*d (A, +B,M )2 (33)
Consequently, the maximum voltage across Ci, Vcimar, Can

be calculated by transforming normalized variables from P
and N states to the real value.

1

e, tey

V =

C1,max

(mXP XV e p F My XV e ) (34)

On the other hand, the maximum voltage across C>, Vcamax,
occurs when iz» reaches zero. So, the normalized voltage can
be expressed as:

mepP =1y, cos (A,)—A, +B, M (35)
mepN =1,y cos (Ay )—Ay, —By M (36)

where mcpP and mcpN are the normalized voltages when
iz2=0, in the SRC-P and SRC-N, respectively.

Knowing mcpP and mcpN, V2 mare can be obtained as:

1/ n (

€, +eN

e,M_PxV

base , P

—e, M NV, ) (37)

B. Soft Switching Conditions

One of the most important features of resonant converters is
the zero voltage switching capability of the devices. For

1
L ° ° |_ to the
m rectifier

Fig. 8. Circuit condition between subinterval 1 and 2 for the ZVS analysis.

S5 |G S [Cia

CLLC resonant converter, in most literature first harmonic
approximation is used to find the soft switching conditions. In
this paper, the accurate state-plane analysis is used to examine
exact soft switching conditions.

As shown in Fig. 2 at the end of subinterval 1, S; and S4
conduct, i;; is positive and the voltage across drain-source
capacitors Css; and Cssz are 0 and +Vi, respectively. During
the dead time as shown in Fig. 8, all inverter switches are OFF
and the primary side inductor current flows through the
transistor parasitic output capacitances. Therefore:
Vessi tVesss =V (38)

As the switches are similar from the capacitor current
formula i = C(dv/dt) one can find that:
= IC& = _Icﬁ (39)

2 2

Eq. (39) implies that the total energy of the two parasitic
capacitors remains unchanged during this subinterval, as a
result, no power is transferred to the resonant network.

This mode will continue until the voltage across Cgs is
discharged to zero. After that, the GaN transistors S; and S3
conduct in the reverse direction, therefore ZVS can be
achieved. By assuming linear discharging, the minimum dead
time to ensure ZVS is given by:
dv V=0

=ty _ CSS ~ N
=Cg =Cy =

2 dt

Togg  + 155, =0 — i

_ 2V (40)

dt t=ty
In steady state, the state-plane trajectory is symmetrical.
Hence [26];

ILl(O):_]Ll(”/C‘)s) (41)
By substituting (41) into (40), the minimum dead-time
which ensures ZVS can be calculated as:

> 204V (42)
ObViolﬁ:s(iy, the dead-time depends on the input voltage, the
drain-source capacitance of inverter switches, and the initial
value of primary current which is a function of circuit
parameters and the load. The procedure to drive the initial
value of resonant elements has been discussed in [26].

On the other hand, the maximum allowable dead time for
remaining in ZVS is a+6; when the i;; reaches zero.
Therefore, the dead-time must be selected as (43) to meet
operating at the ZVS condition.
2V

?Stw Sa+90

It should be mentioned that this ZVS condition is a general
formula and is also valid when other parasitic capacitances

dt

(43)

t=0
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such transformer inter-winding and PCB interlayer
capacitances exist. In this case the value of [y with
consideration of parasitic capacitances should be calculated
and used. Fig. 9 represents the ZVS operating region as a
function of voltage gain and dead-time equivalent angle.

C. Output Characteristic

The output characteristics describe how the converter output
voltage depends on the load current. As can be seen in Fig. 2
during the half switching period where the secondary side
current iz, is positive, the secondary resonant capacitor voltage
increases from its negative peak —Vesma to its positive peak
+Veamar. This voltage change corresponds to the net charge

transferred to the load, hence:
T

. 2 .
1w =<i., >ZTTJ-21C2dt:

0

2 4C V max
A ]T(CzAch)ZZT—SCZ (44)
By substituting (37) into (44) and normalizing the equation,
we can find the relationship between normalized current J, and
the voltage stresses of SRC-P and SRC-N:
_ACLE
e, +e,
Now, substituting (35) and (36) into (45), the relationship
between normalized output voltage M, normalized load
current J, and normalized switching frequency which features
the output characteristics can be expressed as:
4C, F;
:eP -iejv {e, (rzpcos(ﬂp)+A,,—B,,M)— (46)
—ey (rZN cos (lN )—AN -ByM )}
Fig. 10 shows the output characteristics of the CLLC
resonant converter for different normalized switching
frequencies.
The output short circuit current, Jsc, can be calculated using
the output characteristics by substituting A/=0 into (46).
4G, F

e, +ey

I (erCP,P —exMcp y ) (45)

J

Jse =

It can be seen that the converter’s short-circuit current is
inherently limited.

D. Control Plane Characteristics

One of the most informative curves for analysis and design
of resonant converters is the steady control plane
characteristics i.e. voltage conversion ratio, M, vs. normalized
switching frequency, F. The load characteristics can be
superimposed on the converter output characteristics to
determine the output voltage vs. switching frequency. For a
resistive load satisfying /=V/R or in the normalized form:
J=MQ (48)

with Q = /L, /C, /R , J can be eliminated from (46) by
substituting (48) into it.

4C,f  F
:ﬁ(q’Mcp,P —exMep y ) (49)

(eP (r2P cos (A, )+4, )—eN (r2N cos (Ay )—Ay )) 47

08 ,

t, <a+6,
0.7 — —

0.6 //, \\
05 4

5
8 04y
3 x10°
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02 20,V 2t

in <t
—dt
0.1 I /
04 0.6 0.8

03 04 05 06 07 08 09
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Fig. 9. The ZVS operating region as a function of voltage gain and dead-time
equivalent angle.

04— T T
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M
Fig. 10. Output characteristics of the CLLC resonant converter for different
normalized switching frequencies.

Eq. (49) reveals the relationship between M and F which
can be used in the control of CLLC resonant converter.

E. Boundary Condition between CCM and DCM

Right before subinterval 1, when i;, reaches zero if the
voltage V> in Fig. 1 is lower than Vour, the four bridge rectifier
transistors cannot conduct and iz, remains at zero. Therefore,

di di L
i,=0 i, =i, — ;;‘ =—;Ltm V=V, (50)
Writing Kirchhoff’s Voltage Law in Fig. 11:
Vi+ve v 4y, =0 (51)
V. TV Y L+, '=0 (52)

By solving (51) and (52), and knowing that v;, is equal
zero, vez 1s maximum and V; = Vi, then V' becomes:

L L
Vz 1 — m V]N + m

L +L, L +L,
where v¢; at this instant can be obtained from (4) and (35):

Ver V0o m (53)



IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE

1 —
Ve v \4 V2 = Ve2,max
+ B
” LvLl Ly k2 v ”
C (0 P— Cy
+ 1 111 N I m=lL | 1'L2 :0 2 +
Vi=+Vpn Vin SR, V'
_ " |Lm _

Fig. 11. The circuit diagram of the resonant tank for the DCM condition.

(rzp +AP _BPM )VIN -V 'CZ,max

Ve =l Ve (54)
eP eP
By substituting (54) into (53), V>' would then become:
= L, e,+r,+A4, _BPMVIN Lér —lvczmax (55)
L +L, ep €p '

where veo mar Was defined in (37).

The constraint for CCM operation (Viecifie™>Vour) in
normalized form can be described by:

(ep+rp+A, )L, +(ep =1)(L,+L,, )%V ey /Vin
e, (L,+L,)+B,L,

Fig. 12 shows the control plane characteristics of the CLLC
resonant converter and the DCM boundary. This map is useful
for design purpose as the designer can overlay the operating
region on it and see how the gain is changed with frequency
and load and can find out if the converter operates in DCM.

M < (56)

When the switching frequency equals to the resonant
frequency (F=1) then fp=r. It means the switching-period
consists of subintervals 1 and 3 and the duration of
subintervals 2 and 4 is zero (ap=0). The state-plane diagrams
of SRC-P and SRC-N are given by two semicircles, as shown
in Fig. 13.

In this condition equations (22) through (27) will be used to
obtain iz;max, and irzma. The peak capacitor voltages ves max
and veamax , can be calculated from (34) and (37).

IV. EXPERIMENTAL VERIFICATION

A 3 kW bidirectional CLLC resonant converter with the
specifications as listed in Table V has been developed to
validate the proposed analysis. The prototype is built using
GS66508B GaN transistors on both sides. As the synchronous
rectification is not a primary concern of the proposed method
of analysis and for the sake of simplicity, during testing the
circuit in each direction (forward or reverse power transfer)
the transistors of the secondary side are bypassed by adding
anti-parallel diodes. Fig. 14 shows the experimental set up.
The main waveforms are depicted in Fig. 15.

To verify the accuracy of the proposed model, the results
coming from the proposed analysis are compared with those of
the FHA method, time domain exact simulation by PSIM®,
and experiments.

A. Output and Control Plane Characteristics

Fig. 16 compares the control plane characteristics obtained
from the state-plane analysis, FHA method, simulation, and
experiment results when the switching frequency changes

T 2<fn/2+8,

o

1 1.5 2 £ 25 3 3.5

Fig. 12. Control plane diagram (M-F) with CCM/DCM boundaries for
different values of Q.

SRC-N

Fig. 13. Control plane diagram (M-F) with CCM/DCM boundaries for
different values of Q.

Transformer ,/
= f
| &
L2

Fig. 14. The experimental set up including the prototype 3 kW bidirectional
CLLC resonant converter.

from 101 kHz (F = 1) to 350 kHz (F = 3.45), and the output
power is varied between 430 W and 1500 W. As can be seen
the results from the proposed method are well matched with
the simulation and experimental results. It can also be seen
that, the gain voltage predicted by FHA is substantially higher
than the actual value, which means that care should be taken
when the FHA method is used for design and optimization of
CLLC converter. The proposed analysis gives exact values of
voltage and current of the components and can improve the
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Fig. 16. M-F diagram of the CLLC resonant converter.

power losses estimation and design optimization [31].

In Fig. 17, the output characteristic for f,y = 150 kHz and
Pout = 0.9~1.5 kW are compared. The results based on the
proposed state-plane analysis are consistent with experimental
and simulation results in a wide range of load variation, in
contrary to those of the FHA method.

B. Maximum Current and Voltage of Resonant Elements

As previously explained, depending on fp there are three
possible trajectories that determine the peak inductors current
accordingly. Fig. 18 shows waveforms for the forward power
transfer operation at three operating points corresponding to
each type of trajectory. The peak values obtained by the
proposed analysis are perfectly matched with the experimental
results and the exact circuit simulation. The peak values
predicted by the FHA analysis however are lower than the
actual values which can lead to improper selection of the
components. Fig. 19 shows the reverse power transfer
operation of the CLLC resonant converter at F=1 and F = 2.

C. Soft Switching Condition

Fig. 20 shows the voltage across a primary side transistor
and the corresponding gate signal for minimum dead-time that

08 082

Normalized Gain Voltage [Vout/Vin]

Fig. 17. M-J diagram of the CLLC resonant converter.
TABLE V

COMPONENTS OF THE EXPERIMENTAL CLLC RESONANT CONVERTER
PARAMETER VALUE PARAMETER VALUE
S1~S8 GS66508B GaN L1 25 uH
D1~D8 C4D10120 SiC L2 25 uH
Cl 99 nF Lm 125 uH
C2 99 nF Vout 250~400 V
Co 220 pF Vin 400 V
n 1:1 fow 90~350 kHz

ensures ZVS (Eq. (43)). In this figure, the voltage and current
waveforms of a secondary side rectifier diodes are also shown,
where the secondary side diodes are turned OFF in ZCS
condition. Fig. 21 shows the simulation waveform of the
switch voltage when the dead-time is set at the minimum
value as in (43). As can be seen if a smaller value is applied to
ta the ZVS will be lost.

D. Boundary and DCM Operating

Investigating the constraint of (56) shows that a CCM to
DCM transition happens at F = 1.3 and Q = 0.0356. Fig. 22
compares the secondary side current, iz», obtained by circuit
simulation and the proposed state space equations. Obviously
the circuit simulation confirms operation of the circuit in the
boundary condition which is expected by the proposed state-
plane analysis. Further decreasing the load current causes the
converter to operate in DCM. Fig. 23 depicts experimental
results showing DCM operation at 0.6A (corresponding to Q =
0.0239) with M = 0.9953.

E. General Comparisons

Table VI compares the results obtained from the proposed
state-plane analysis, exact circuit simulation, and the FHA
method for two operating points, when the converter operates
in the forward power transfer mode. In this table the error of a
parameter X is defined by:

~X| x 100%

MEASUREMENT

|X MEASUREMENT
Error =

(57
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reverse power transfer mode under different conditions: (a) Poy = 3025 W, Vo
=385V, fy, = 100 kHz, (b) Pou =918 W, V= 212.5 V, f,, = 200 kHz.
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Fig. 18. Current and voltage waveforms of the resonant elements for the
forward power transferring under different conditions: (a) 7/2<Bp at Py, = 700
W, Vou =254V, £, = 250 kHz, (b) m/2<Bp<0p at Poy = 1 kW, Vou =307 V, £,
=170 kHz, and (c) Bp>n/2+0) at Poy = 1.4 kW, Vo =360 V, f,, = 120 kHz.
Time domain representation are the experimental results. Numbers on the box
are comparison between the peak values for experiments, simulations, state-
plane analysis, and FHA method. For the FHA method, f,, is 268.5 kHz, 193
kHz, and 132.8 kHz respectively.

According to Table VI, with the same power and voltage in
the forward power transfer mode, all the values resulted from
the proposed analysis are well matched with the
experimentally measured values, and the errors are much
lower than those obtained from on FHA. For example for

| 9@ 1 E00NF 2 50007 10.0vF 5,004/ 0.0s Auto f
7 \ '
. \ Vps | |
. — L Ves
ZVS
2pH
) / /“ VRectiﬁer /
ZCS
iro

Fig. 20. Waveforms corresponding to minimum dead-time that ensures ZVS
and ZCS on the rectifier.

iLimax, the error of the value obtained from SPA is 2.03% while
the error of the value given by FHA is 15.59%. Also, for vcimax
the errors are 5.16% and 14.73% for SPA and FHA
respectively. The experimental results of the reverse power
transfer mode, are also tabulated in Table VII. Comparing the
results of the proposed analysis with the experimental and
simulation results, shows that the proposed analysis is also
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TABLE VI
COMPARISON OF THE MEASUREMENT (MEAS.), PSIM SIMULATION (SIM.), STATE-PLANE ANALYSIS (SPA), AND FIRST HARMONIC APPROXIMATION (FHA)
RESULTS FOR FORWARD POWER TRANSFER

POWER = 1281W POWER =527W
PARAMETER MEAS. SiM. SPA FHA MEAS. SIM. SPA FHA

Value Value | Error | Value | Error | Value | Error Value Value | Error | Value | Error | Value | Error
IVout [V] 3473 3473 | 0.00 | 347.3 | 0.00 | 347.3 | 0.00 216.8 216.8 | 0.00 | 216.8 | 0.00 | 216.8 | 0.00
lout [A] 3.69 3.69 0.00 3.69 0.00 3.69 0.00 2.43 243 0.00 243 0.00 243 0.00
fsw [kHz] 130.2 1293 | 0.69 | 129.3 | 0.69 146 12.14 298 272 8.72 272 8.72 330 10.74
iL1max [A] 8.85 9.07 2.49 9.03 2.03 747 | 15.59 6.05 6.35 4.96 6.35 4.96 4.63 | 23.47
iL2max [A] 5.15 5.46 6.02 543 5.44 5.80 | 12.62 44 4.55 341 4.55 341 3.82 | 13.18
vClmax [V] 96.5 10291 | 6.64 [101.48| 5.16 | 82.29 | 14.73 27 28.85 | 6.85 | 29.30 | 851 | 22.58 | 16.37
vC2max [V] 78.5 72.58 | 7.54 | 72.09 | 8.16 | 63.85 | 18.66 23 22.76 | 1.04 | 22.57 | 1.87 | 18.61 | 19.09

TABLE VII

COMPARISON OF THE MEASUREMENT (MEAS.), PSIM SIMULATION (SIM.), STATE-PLANE ANALYSIS (SPA), AND FIRST HARMONIC APPROXIMATION (FHA)
RESULTS FOR REVERSE POWER TRANSFER

POWER =3025W POWER =918W
PARAMETER MEAS. SiM. SPA FHA MEAS. SiM. SPA FHA

Value Value | Error | Value | Error | Value | Error Value Value | Error | Value | Error | Value | Error
Vout [V] 385 385 0.00 385 0.00 385 0.00 212.5 212.5 | 0.00 | 2125 | 0.00 | 212.5 | 0.00
Tout [A] 7.85 7.85 0.00 7.85 0.00 7.85 0.00 4.32 432 0.00 | 4.32 0.00 | 4.32 0.00
fsw [kHz] 105 1074 | 228 | 107.5 | 2.28 110 4.76 199.5 1969 | 1.30 | 1969 | 1.30 | 220.5 | 10.53
iL1max [A] 14.17 13.99 | 127 | 1393 | 1.69 | 13.92 | 1.76 9.76 10.13 | 3.79 | 10.11 | 3.59 8.02 | 17.83
iL2max [A] 11.76 1193 | 144 | 11.89 | 1.10 | 12.33 | 4.85 7.09 7.67 8.18 7.65 7.90 6.79 | 4.23
vClmax [V] 226.50 216.5 | 4.41 |217.13| 4.13 |203.43| 10.18 65.04 66.82 | 2.74 | 67.25 | 340 | 58.51 | 10.04
vC2max [V] 185.33 184.75| 0.31 |184.55| 042 |[180.23| 2.75 58.44 5555 | 494 | 5545 | 5.11 | 49.56 | 15.19

4001

0 2 4 6 8 10 12
Time (us)
Fig. 21. Simulation of minimum dead-time (boundary condition) for gate
pulses and the switch voltage to ensure ZVS.

i /\

\ \
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Fig. 22. The secondary side current in the boundary condition by; (a)
simulation, and (b) state-plane analysis.

effective for the reverse power transfer operation. Fig. 24
shows that the maximum efficiency of the converter operating
in forward power transfer is 95.72% while it is 95.62% for the
reverse power transfer.

As a conclusion, it can be deduced that the proposed
method has much higher precision in comparison with the
FHA method for both power transferring directions. This exact

iLZ : 2 A/div
4

5 us/div

-20.0u -10.0u 10.0u 20.0us

Fig. 23. Experimental test in the DCM operating.

analysis can be used in design, control, and optimization of the
CLLC resonant converter as well as other high-order resonant
converters. Owing to mathematical expression of the converter
behavior, this method is very helpful for practicing
optimization algorithms to minimize voltage/current stresses,
and losses as well as reliability assessment.

V. CONCLUSION

This paper proposed in detail the state-plane analysis of the
bidirectional full-bridge CLLC resonant converter for the
switching above the resonant frequency. A new formulation of
state-space equations was presented and the fourth-order
CLLC resonant converter was transformed into two second-
order systems. Then using this mathematical method, the exact
analysis of converter in CCM, stresses of the components,
voltage gain ratio, soft switching conditions, and boundary
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between CCM/DCM were obtained. A 3 kW prototyping was
built. Experimental results were used to verify the proposed
method. Simulation and experimental results reveal the
accuracy of the proposed analysis in the forward and the
reverse power transfer modes for different power and voltage
levels. The proposed state-plane analysis helpful in design and
optimizing of the CLLC resonant converter in a wide
operating range.

APPENDIX

By substituting izs, i'2, ver, and v'er as the function of izp,
irn, vep, and ven according to (4) into (2) and rearranging
them, the state space equations are recalculated as:

o 1 e 4 Iy i+ e G iy (58)
dt  a,+a,\\C, C, c, C,

di -1
;;P - m{(ap (L',+L,)+L, +L,eva, +ey (L, +L, ))"cp

+(‘1P (L '2+Lm )+Lm _Lmet’ai’ —€p (Ll +Lm ))Vm } (59)
L, +a,L, +a,L’, L, +a,L +L,
- v, = v',
r
d /
Do o [fox o), oyl (60)
dt  ap,+a,\\C, C/, c, C,

diy _ -1 (
dt  T(e, +e,)

(ay (L';+L, )L, +L,evay —ey (Li+L, )

+(aN (L /2+Lm )_Lm _Lme[’al\’ +eP (Ll +Lm ))VCN} (61)

m

_aJVL’2+ai’—V‘Lm -L v, _aNLm _er _Ll v 72
For decoupling the parameters P and N, it is mandatory to
put the coefficients of unwanted parameters to zero. For (58)
and (59), the coefficients of izy and vew, and for (60) and (61),
the coefficients of iz p and vcp must be set equal to zero:
e, a,

c, C,

ap (L ht+L, )+Lm -L,eya,—e, (Ll +L, ) =0 (62)
ey a,

c, ¢,

ay (L “+L, )—Lm +L,eyay —ey (LI +Lm):O

By solving (62), the parameters ap, an, ep, and ey are
obtained as shown in (5).
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