
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 2, FEBRUARY 2022 1509

A Constant Current Control Method With Improved
Dynamic Performance for CLLC Converters

Huan Chen , Student Member, IEEE, Kai Sun , Senior Member, IEEE, Languang Lu, Shuoqi Wang ,
and Minggao Ouyang

Abstract—The capacitor–inductor–inductor–capacitor (CLLC)
converter is a promising topology for bidirectional power con-
version applications, such as hydrogen or battery energy storage
systems and bidirectional pulsing current charging or heating for
electric vehicle (EV) batteries. For these applications, high dynamic
constant current control is required. In this article, a novel constant
current control method with improved dynamic performance over
the conventional proportional–integral (PI) method is proposed
for the CLLC converter. In constant current control, the charging
and discharging process of the output capacitor determines the
dynamic performance. A state trajectory model is proposed for the
CLLC converter and is employed to analyze the transient process in
the resonant tank. Based on the analysis, a novel dead-band-based
control method for the constant current control is proposed. The
proposed method can directly and effectively control the charging
and the discharging process of the output capacitor, which the
conventional PI control method cannot do. As a result, the dynamic
performance is improved. The correctness of the proposed state
trajectory model, the state trajectory analysis, and the effectiveness
of the proposed constant current control method are verified by
experiments. Experimental results show that the response time of
the proposed method is reduced by more than 50% compared with
that of the conventional PI method, with no overshoot.

Index Terms—CLLC converter, constant current control,
dynamic performance, state trajectory analysis.

I. INTRODUCTION

THE capacitor-inductor-inductor-capacitor (CLLC) con-
verter is a high-frequency, high-power density, isolated

bidirectional dc–dc converter. The CLLC converter is regarded
as a promising topology for bidirectional power transmission be-
cause of its excellent soft-switching characteristics [1], [2]. The
application fields of the CLLC converter include uninterrupted
power supply systems, dc distribution systems, vehicle-to-grid
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systems, electric aircrafts, and reversible solid oxide fuel cell
systems [1]–[8].

The detailed operating process and basic characteristics of
CLLC are introduced in [1], [2]. Currently, research on the CLLC
converter is mainly focused on two aspects. One is hardware
improvement. For this aspect, researchers have mainly concen-
trated on parameter design [2], [3], [9], [10], transformer design
[11]–[14], and topology improvement [15], [16]. Parameter
design is one of the hottest issues in hardware improvement.
Typically, a symmetric resonant tank is designed to obtain
uniform bidirectional characteristics [2], [10]. Asymmetric res-
onant tanks are usually used for special purposed. In order to
improve power density, an equivalent method is proposed to
simplified the symmetric resonant tank to an asymmetric reso-
nant tank that does not have the secondary side resonant inductor
[3]. In [9], an asymmetric parameters methodology is proposed
for CLLC converters to narrow the switching frequency range
for wide output range applications. The second is the control
method. Traditionally, pulse frequency modulation (PFM) +
proportional–integral (PI) control is used to regulate the voltage
or the current [1], [2]. Based on that, researchers have proposed
several control methods to improve control performance. A
pulse width modulation (PWM) control strategy was proposed
to achieve a higher voltage gain [17]. Phase shift control was an-
alyzed and applied for CLLC converters [18]. Hybrid strategies
combining phase-shifting control and frequency modulation
were proposed to reduce reactive power and improve dynamic
performance [19], [20]. A comprehensive sliding mode control
loop design for the CLLC converter was proposed to improve
converter dynamics and achieve tight output voltage regulation
[21]. A hybrid compensation scheme was proposed to reduce the
influence of gate drive delay and improve power conversation
efficiency [22]. Several synchronous rectification methods were
proposed to reduce the power loss of the secondary side rectifier
bridge [23], [24].

However, these newly proposed control methods are aimed
at voltage regulation. In applications like hydrogen or battery
energy storage systems [25] and bidirectional pulsing current
charging or heating for electric vehicle (EV) batteries [26],
bidirectional power transmission is needed, and good dynamic
performance is also required in these applications when load
or current target changes suddenly. For CLLC converters, the
constant current control is realized by a PI controller at present.
However, it is difficult to obtain a fast and consistent transient
response using a conventional PI controller because resonant
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converters usually have inconsistent dynamic behavior at dif-
ferent gains or different switching frequencies [27]. Thus, a
new constant current control method with improved dynamic
performance is needed.

Reported works on constant current control are mainly for
other topologies. LLC converters with constant current control
were proposed for LEDs and ozone-driven systems, but the
conventional PI method was used and the dynamic performance
was not investigated [28], [29]. A high dynamic parabolic cur-
rent control method was proposed for voltage source inverters
[30], and a high dynamic current control method based on the
synchronization of zero-crossing current ripples was proposed
for multiphase buck converters [31]. However, CLLC topology
is quite different from the researched topologies in [30] and [31],
and the ideas proposed in [30] and [31] are hard to implement
in the CLLC converter.

In order to achieve good dynamic performance, an accurate
analysis of the transient process in the resonant tank is essential.
Researchers have proposed several analysis methods for the
CLLC converter. The first harmonic approximation method [2],
[23] and the extended harmonic approximation method [24]
are both frequency domain methods. They are convenient for
analyzing the gain characteristics but are imprecise for the
modeling of the operating process. The operation mode method
[9], [32] is a time domain method, which is accurate in analyzing
the steady state waveforms in the resonant tank. However, the
operation mode method relays on numerical iteration, and using
the operation mode method to analyze the transient process in
the resonant tank is complicated.

The state trajectory method is effective for describing and
analyzing the transient process in the resonant tank. The state
trajectory method was first employed in the series resonant
converter [33], and then it was developed for the LLC converter
[34]. With the state trajectory method, the transient process of the
LLC resonant tank can be expressed graphically, which greatly
simplifies the analysis. A series of high dynamic performance
control methods was proposed for the LLC converter based
on the state trajectory method [35]–[37]. Although the CLLC
converter can be seen as the bidirectional version of the LLC
converter [38], the resonant tank of the CLLC converter is
more complicated than that of LLC converters, and the state
trajectory models for LLC converters are not suitable for the
CLLC converter.

In this article, the state trajectory method is developed for the
CLLC converter. By introducing new state variables in the state
trajectory analysis, the equivalent circuit of the CLLC converter
is simplified and a state trajectory model for the CLLC converter
is established. A comprehensive state trajectory analysis of the
load transient process under constant current control is proposed.
Based on the analysis of the transient process, a novel dead-band-
based control method is proposed for constant current control.
The proposed constant current control method can achieve direct
control of the charging or discharging current of the output
capacitor during the load transient. As a result, the dynamic
performance of the proposed constant current control method
is an obvious improvement over the conventional PI control
method. The control diagram comparison of the conventional

Fig. 1. Control diagram comparison of the conventional PI control method
and the proposed dead-band-based control method.

Fig. 2. Diagram of the output side.

PI control method and the proposed dead-band-based control
method is illustrated in Fig. 1. The correctness of the proposed
state trajectory model, the state trajectory analysis, and the
effectiveness of the proposed constant current control method
were verified by experiments.

The rest of this article is organized as follows. In Section II, the
load transient process at the output side under constant current
control is analyzed first. Then, the state trajectory model for the
CLLC converter is proposed, and a state trajectory analysis of the
dynamic process in the resonant tank during the load transient
is given. In Section III, the proposed dead-band-based constant
current control method is analyzed. In Section IV, experimental
results are provided to verify the proposed dead-band-based con-
stant current method. Finally, Section V concludes this article.

II. LOAD TRANSIENT ANALYSIS FOR CONSTANT CURRENT

CONTROL IN CLLC CONVERTERS

A. Load Transient Process Under the Constant Current
Control

Fig. 1 shows the topology of the CLLC converter. S1 to S4

are the primary side switches and S5 to S8 are the secondary
side switches. The primary side and secondary side current
are indicated by ip and is, respectively. Uin and iin are input
voltage and input current, respectively. Positive directions of
the voltage and current used in the analysis are also given, and
the transformer turns ratio is n. The proposed method addresses
the case where the switching frequency is not larger than the
resonant frequency (fs ≤ fr, i.e., the voltage gain ≥ 1).
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Fig. 3. (a) Waveform of is. (b) Waveform of is,rec.

TABLE I
LOAD TRANSIENT PROCESSES UNDER CONSTANT CURRENT CONTROL

Fig. 2 shows the diagram of the output side. Uout and io are
the output voltage and output current, respectively. Cout is the
output capacitor. The charging and discharging current ofCout is
indicated by ic. Fig. 3 shows the waveforms of is and is,rec. The
rectified current of is is indicated by is,rec, and the mean value of
is,rec is indicated by mean(is,rec). The value of mean(is,rec)
can be calculated using (1). In the steady state, mean(is,rec)
equals io, and Uout stays constant

mean (is,rec) =
2

Ts

t2∫
t1

isdt. (1)

In constant current control, the controller of the converter tries
to maintain io at the target value io,set. Since io is constant, the
larger the load resistance RL is, the larger the output power
will be. The load increase and load decrease transient processes
under constant current control are listed in Table I.

In the case of a load increase, RL increases suddenly. Uout

is the voltage across Cout, so Uout will not change at the
load increase moment (i.e., Uout = Uout,0 ). As a result, io
will drop (i.e., io < io,set). The drop of io will be detected
by the controller instantly. For CLLC converters, the lower the
switching frequency is, the larger the voltage gain will be [1],
[2]. Therefore, the controller will set fs to lower values, and
mean(is,rec) will increase and be larger than io. Consequently,
Cout will be charged, Uout will increase, and io will increase.
Finally, io will equal to io,set, and Uout will equal Uout,1.

Fig. 4. (a) Equivalent circuit of the P Mode. (b) Equivalent circuit of the O
Mode. (c) Equivalent circuit of the N Mode. (d) Unified equivalent circuit for
the P, N, and O Modes.

Similarly, in the situation of a load decrease, RL decreases
suddenly, and io increases. The controller will set fs to higher
values, so Cout will be discharged, and io will decrease until it
equals io,set.

According to the analysis above-mentioned, the charging
and discharging process of Cout determines the dynamic per-
formance during the load transient. Two factors influence the
charging and discharging process ofCout. One is the capacitance
of Cout; the other is the charging and discharging current ic.
The capacitance of Cout is a constant value, which is a design
parameter not related to the control method. As a result, only ic
needs to be taken into consideration. According to Fig. 2, ic can
be calculated as follows:

ic = mean (is,rec)− io. (2)

When ic > 0, Cout is charged. When ic < 0, Cout is dis-
charged.

B. State-Trajectory Model for CLLC Converters

The state trajectory model for the LLC converter is based on
the different operation modes. Similar with the LLC converter,
the operating process of CLLC converters can also be divided
into the P, N, and O Modes [32]. However, the resonant tank
of the CLLC converter is more complicated than that of the
LLC converter. For the O Mode, the operating process is an
LC resonance, which is similar with the LLC converter. But
for the P Mode and N Mode, the operating processes are a
more complicated four-order resonance instead of a simple LC
resonance. As a result, the state-trajectory model for the LLC
converter cannot be applied to the CLLC converter directly. To
solve this problem, the state-trajectory method is developed and
a state-trajectory model is proposed for the CLLC converter.

Equivalent circuits of the P, O, and N Modes for the CLLC
converter are illustrated in Fig. 4(a)–(c). The transformer turns
ratio n is set at 1 for simplicity.
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By defining the base value for the voltage, the current, and
the impedance as

zbase =
√

Lr1/Cr1 =
√

Lr2/Cr2 , ubase = Uin , ibase

=
ubase

zbase
. (3)

The per-unit form time domain expressions of ip, is, ucr1, ucr2

in P Mode can be expressed as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ip (φ) = P1 cosφ− P2sinφ+ k1P4 sin (k1φ)
+P3cos (k1φ)

is (φ) = P1 cosφ− P2sinφ− k1P4 sin (k1φ)
−P3cos (k1φ)

ucr1 (φ) = P1 sinφ+ P2cosφ− P4 cos (k1φ)
+P3 sin (k1φ) /k1 + 1

ucr2 (φ) = P1 sinφ+ P2cosφ+ P4 cos (k1φ)
−P3 sin (k1φ) /k1 −M

(4)

where φ = 2πfrt, fr = 1/(2π
√
Lr1Cr1) = 1/(2π

√
Lr2Cr2),

k1 =
√

1/(1 + 2k), k = Lm /Lr1, and M = Uout/Uin. P1,
P2, P3, P4, and M are the undetermined coefficients.

According to (4), both the current of the resonant inductor (ip
and is) and the voltage of the resonant capacitor (ucr1 and ucr2)
consist of two different frequency components. One is at fr, the
other is at k1fr.

Based on (4), the sums of ip, is and ucr1, ucr2 can be
calculated as{

ip (φ) + is (φ) = 2P1 cosφ− 2P2sinφ
ucr1 (φ) + ucr2 (φ) = 2P1 sinφ+ 2P2cosφ−M + 1.

(5)
Furthermore, it can be derived that

[ip + is]
2 + [ucr1 + ucr2 − (1−M)]2 = 4

(
P 2
1 + P 2

2

)
. (6)

According to (5), both ip + is and ucr1 + ucr2 only have one
frequency component, which is fr. From (6), it can be known
that the trajectory of (ip + is, ucr1 + ucr2) is a circle, and the
center of the circle is [(Uin − Uout)/ubase, 0] (i.e., [1−M, 0]).

If selecting ip + is and ucr1 + ucr2 as state variables, the
operating process of the P Mode is equivalent to a simple LC
resonance. Its equivalent circuit is shown in Fig. 4(d), where
Udc = Uin − Uout, L = Lr1 = Lr2 , and C = Cr1 = Cr2 .

Similarly, if selecting ip + is and ucr1 + ucr2 as state vari-
ables for the O and N Modes, their operating processes are also
equivalent to a simple LC resonance. Their equivalent circuit can
also be expressed by Fig. 4(d), butUdc,L, andC will be different.
Additionally, the values of Udc in the positive half-cycle and the
negative half-cycle are opposites. The values of Udc, L, and C
for the P Mode, N Mode, and O Mode are listed in Table II.

In Table II, ucr2,max means the maximum value of ucr2, and
it is equal to the value of ucr2 during the O Mode because is is
zero during the O Mode. The value of ucr2,max is calculated as

ucr2,max =
1

2Cr2

t2∫
t1

isdt (7)

where t1 and t2 are defined in Fig. 3.
According to the analysis above-mentioned, the P, N, O

Modes can be expressed by a unified equivalent circuit and their

TABLE II
VALUE OF PARAMETERS IN FIG. 4(D) FOR P, N, AND O MODE

TABLE III
PARAMETERS OF THE STUDY CASE FOR TOLERANCE ANALYSIS

TABLE IV
INFLUENCE OF THE VARIATION OF Lr2 AND Cr2 ON STATE

TRAJECTORY MODEL

operating processes are equivalent to simple LC resonance. This
is the proposed state trajectory model for the CLLC converter.
With this model, the state trajectory method can also be used to
simplify the analysis of the CLLC converter.

Derivation of the proposed state trajectory model is based on
assumption of symmetric resonant tank (i.e.,Lr1 = Lr2 ,Cr1 =
Cr2 ). However, resonant components have their tolerance in
practice. As a result, the actual resonant tank may not be ideally
symmetric.

The influence of components tolerance on the state trajectory
model is investigated using the Monte Carlo method. A ±10%
variance of Lr2 and Cr2 to Lr1 and Cr1 is taken in the analysis.
Detailed parameters of the study case are listed in Table III.

The parameters of resonant tank shown in Table III are the
same with that of the experimental prototype. Three working
points are chosen to perform the Monte Carlo analysis. In order
to calculate enough evaluation results for Monte Carlo analysis,
500 independent random samples are taken for Lr2 and Cr2.

For every sample of Lr2 and Cr2 , the actual state trajectory
(defined as disturbed trajectory) together with the state trajectory
whenLr1 = Lr2 andCr1 = Cr2 (defined as original trajectory)
are calculated. The trajectory disturbance is used to quantify the
influence of components tolerance. The trajectory disturbance
is defined as the difference of ucr1 + ucr2 between the original
trajectory and disturbed trajectories when ip + is is a fix value.
The percentages occupied by maximum trajectory disturbance
are calculated and listed in Table IV.

According to the above-mentioned analysis, a±10% variation
in Lr2 and Cr2 only cause a maximum ±2.51% disturbance
on the state trajectory. The influence caused by the variation
of Lr2 and Cr2 is not significant. As a result, the proposed
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Fig. 5. (a) Steady-state trajectory at fs1. (b) Transient trajectory when fs changes from fs1 to fs2. (c) Steady-state trajectory at fs2.

state trajectory model is still valid considering the tolerance of
inductors and capacitors of the resonant tank.

C. State-Trajectory Analysis for the Load Transient in
CLLC Converters

In the following section, we will use the proposed state-
trajectory model to give a comprehensive analysis of the
transient process in the resonant tank and clarify how io is
influenced by the control (i.e., the change of fs) during the load
transient.

There are two kinds of transient processes during the load
transient. One is the charging and discharging process of Cout,
which was analyzed in Section II-A. The other is the transient
process in the resonant tank, which is caused by the change of
fs. The charging and discharging process of Cout is usually at
the millisecond (ms) level, while the transient process in the
resonant tank is at the switching-period level. Generally, the
switching frequency of the CLLC converter is hundreds of kHz,
so the transient process in the resonant tank is at the microsecond
(μs) level.

In the situation of a load increase, suppose fs = fs1 < fr
before load transient. Then, the converter will work in PO
Mode [32]. The steady-state trajectory at fs1 is illustrated in
Fig. 5(a). Before the load increase, Uout = Uout,0 , ucr2,max =
ucr2,max,0 , and ic = 0. Once the load increase is detected, the
controller will decrease the switching frequency. The transient
process in the resonant tank will start. If fs is changed from fs1
to fs2 (fs2 < fs1), the transient trajectory as fs changes from
fs1 to fs2 is illustrated in Fig. 5(b).

After a short time (several switching periods), the value of
Uout will only change slightly and can be seen as constant. The
transient process in the resonant tank is as follows:

Trajectory AB: The trajectory AB is an O Mode trajectory.
After fs is changed to fs2, the transient process will start at the
O Mode. Because is = 0 during the O Mode, ucr2,max will not
change and the center of the trajectory AB will still be (Uin +
ucr2,max,0, 0). Since fs2 < fs1, the time in O Mode increases.
As a result, the trajectory AB will be longer than the trajectory
AB’. The trajectory AB’ is the O Mode trajectory at fs1.

Trajectory BC: The trajectory BC is a P Mode trajectory.Uout

is not changed so the center of the trajectory will still be (−Uin +

Uout, 0). Because the trajectory AB is longer than the trajectory
AB’, the radius of the trajectory BC will be longer than that of the
P Mode trajectory at fs1 (i.e., the distance between the trajectory
center and point B will be longer than the distance between the
trajectory center and point B’). A longer radius of the P Mode
trajectory means more energy is transferred from the primary
side to the secondary side, so the value of mean(is,rec) will be
larger. According to (1) and (7), ucr2,max will be larger, too.

Trajectory CD: The trajectory CD is an O Mode trajectory.
At point C, the value of ucr2,max has increased to u′

cr2,max,0.
The trajectory center changes to (−Uin − u′

cr2,max,0, 0), which
is farther from (0, 0). The time of the O Mode will still be longer
than that of the O Mode at fs1, so the trajectory CD will also be
longer than the trajectory AB’. All these factors make the radius
of the next P Mode trajectory even longer.

Trajectory DE: The trajectory DE is a P Mode trajectory. The
radius of the trajectory DE is longer, so even more energy is
transferred, and ucr2,max will be further increased at the end of
the P Mode trajectory.

From the trajectory AB to DE, it can be known that if fs
decreases, the radius of the P Mode trajectory will be longer
after the O Mode, then more energy will be transferred to the
secondary side during the P Mode. Such a process will repeat,
and the state trajectory will expand. However, as more energy
is transferred to the secondary side, mean(is,rec) will be larger
than io. According to (2), ic > 0, so Cout will be charged and
Uout will increase. According to Table II, this process will make
the radius of the next P Mode trajectory shorter. When the
two processes achieve balance, the converter will enter the new
steady state, as shown in Fig. 5(c). In the new steady state, ic
is zero, Uout increases to Uout,1, and io increases back to io,set.
The load increase transient ends. The curve of ic during the load
increase transient is illustrated in Fig. 7(a).

In practice, the controller will change fs continually before
io increases back to io,set instead of just changing fs one time.
As a result, the state trajectory of the converter will switch
between the steady-state trajectory and the transient trajectory
accordingly and finally end at the steady-state trajectory shown
in Fig. 5(c).

In the situation of a load decrease, suppose fs = fs2 before
the load transient. The steady-state trajectory at fs2 is illus-
trated in Fig. 6(a). Before the load decrease, Uout = Uout,0 ,
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Fig. 6. (a) Steady-state trajectory at fs2. (b) Transient trajectory when fs changes from fs2 to fs1. (c) Steady-state trajectory at fs1.

Fig. 7. Curves of ic after fs is changed. (a) Load increase. (b) Load decrease.

Fig. 8. Mechanism about how fs influences io.

ucr2,max = ucr2,max,0 , and ic = 0. Once the load decrease is
detected, the controller will increase fs. Suppose fs is changed
from fs2 to fs1. The transient trajectory when fs changes from
fs2 to fs1 is illustrated in Fig. 6(b). The radius of the P Mode
trajectory will be shorter during the O Mode, and less energy will
be transferred to the secondary side during the P Mode. Such
a process repeats, and the state trajectory will shrink. As less
energy is transferred to the secondary side, Cout is discharged,
and Uout will decrease. This process will make the radius of the
next P Mode trajectory longer. When the two processes achieve
the balance, the converter will enter the new steady state, as
shown in Fig. 6(c). In the new steady state, ic is zero, Uout

decreases to Uout,1, and io decreases back to io,set. The load
decrease transient ends. The curve of ic during the load decrease
transient is illustrated in Fig. 7(b). Similarly, the controller needs
to change fs continually in practice. The state trajectory of the
converter will also switch between the steady-state trajectory
and the transient trajectory accordingly and finally end at the
steady-state trajectory shown in Fig. 6(c).

Based on the state trajectory analysis, the mechanism of how
fs influences io is illustrated in Fig. 8. A change in fs does not
cause io to increase or decrease directly. Instead, the change in
fs influences the transient process of the resonant tank directly,

Fig. 9. Curves of ic after fs is changed continually. (a) Load increase. (b)
Load decrease.

causing a change in ic. The change in ic influences the charging
and discharging process of Cout. As a result, io will increase or
decrease accordingly. The influence of fs on ic is at the μs level,
but the influence of ic on io is at the ms level. Generally, the
control frequency is at the same time level as fs, so during the
time of a control period, the change in fs only has a weak and
indirect influence on io, while the change in fs has a strong and
direct influence on ic.

D. Relationship Between the Value of ic and the Change of fs

According to Fig. 7, the relationship between fs and ic is not
static but dynamic. The value of ic will eventually go back to
zero after fs changes because Uout will change. In order to keep
ic > 0 or ic < 0 during the load transient, fs should change
continually, as shown in Fig. 9.

In order to achieve good dynamic performance, the controller
should change fs to make |ic| as large as possible during the
load transient. This raises the question: what is the maximum
(or minimal) value of ic, and how it is achieved?

It has been known that the expanding (or shrinking) of the state
trajectory will cause ic to increase (or decrease). So ic achieves
its maximum (or minimal) value at the limit of the state trajectory
expanding (or state trajectory shrinking).

The limit of the shrinking trajectory is zero. When the trajec-
tory shrinks to zero, mean(is,rec) will be zero, too. According
to (2), ic = −io. This is the minimal value of ic. If fs continues
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Fig. 10. Waveforms comparison of PN Mode and PO Mode. (a) PN Mode.
(b) PO Mode.

decreasing after the trajectory shrinks to zero, ic will not be
changed by fs.

The limit of the expanding trajectory is in the PN Mode. When
the converter is shifting from the PO Mode to the PN Mode, ic
reaches its maximum value. The waveforms comparison of the
PN Mode and the PO Mode is illustrated in Fig. 10. The PN
Mode should be avoided for the following reasons.

1) In the N Mode stage, ip < iLm, so that is < 0. This
decreases mean(is,rec), according to (1), and makes ic
smaller, according to (2).

2) In the N Mode stage, ip keeps decreasing, and the value
of ip may be too small to fully charge the output capacitor
of the primary side switches. The primary side switches
may be under hard switching conditions, causing higher
switching loss, voltage spike, and electromagnetic inter-
ference.

The criterion to judge whether the converter is working under
the PN Mode or the PO Mode is as follows. If

ucr2,max > Uout + um (8)

is satisfied, the converter is working under the PN Mode. um

is the voltage across Lm. According to (1) and (7), it can be
derived as

ucr2,max =
Ts

4Cr2
mean (is,rec) . (9)

From (9), it can be known that as the state trajectory expands,
ucr2,max will increase. If fs keeps decreasing, the state trajectory
will expand continually, and ucr2,max will also increase continu-
ally. As a result, (8) will eventually be satisfied, and the converter
will work under the PN Mode. If fs continues decreasing after
the converter reaches the PN Mode, ic will decrease due to fs.

The relationship between fs and ic is illustrated in Fig. 11.
When fs is at a value that satisfies ucr2,max = Uout + um, ic

Fig. 11. Relationship between the change of fs and ic.

Fig. 12. Practical way to maintain ic at maximum (or minimal) value.

reaches its maximum value. When fs is at a value that makes
the state trajectory shrink to zero, ic reaches its minimal value.

III. PROPOSED CONSTANT CURRENT CONTROL METHOD WITH

IMPROVED DYNAMIC PERFORMANCE

A. Way to Achieve the Maximum (or Minimal) ic and the
Limitation of the Conventional PI Method

In Section II-D, two questions are raised: what is the max-
imum (minimal) value of ic, and how it is achieved? The first
question is answered in the above-mentioned analysis. In this
section, the way to achieve the maximum (minimal) value of ic
in the control is discusssed.

The CLLC converter is a highly nonlinear system. According
to Fig. 11, fs should be set at a certain value to achieve the
maximum (or minimal) ic. However, this value of fs is difficult
to calculate. To make matters worse, this value of fs changes
with time. Since ic �= 0, Cout will be charged or discharged and
Uout will change. As Uout changes, ucr2,max may become less
thanUout + um, or the state trajectory may not be zero anymore.
As a result, trying to calculate a certain value of fs online in the
controller is not practical.

Alternatively, if the controller can judge whether ic is at
its maximum (or minimal) value, ic can be maintained at its
maximum (or minimal) value without calculating the value of
fs (the diagram is illustrated in Fig. 12).

1) During load increase: Decrease fs if ic is not at its
maximum value. Stop changing fs if ic is at its maximum
value.

2) During load decrease: Increase fs if ic is not at its minimal
value. Stop changing fs if ic is at its maximum value.

Based on the analysis abovementioned, the limitation of the
conventional PI method is discussed. In the PI control method,
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io is the feedback variable, and fs is calculated as follows:

fs = kp (io − io,set) + ki

n∑
1

(io − io,set)Δt (10)

where Δt is the control period. kp and ki are the PI controller
parameters.

Since fs only has a weak and indirect influence on io in the
time of one control period, if fs is changed in one control cycle,
io will remain almost unchanged in the next control cycle.
Using io as a feedback variable will cause considerable delay
in the control. This delay combined with the hysteresis of the
integral term in the PI method will cause unavoidable overshoot
in the response.

Moreover, the PI controller cannot realize good control of
ic using (10). Using (10) to calculate fs will not maximize (or
minimize) ic, and (10) cannot tell if ic is at its maximum (mini-
mal) value. For an increasing load, if ucr2,max = Uout + um is
satisfied before io reaches io,set, fs will still decrease according
to (10). Then ucr2,max will be larger than Uout + um and the
converter will enter the PN Mode. ic will decrease instead,
and the primary side MOSFET may be under hard switching
conditions. As a result, it will take more time for io to go back
to io,set, and higher voltage spike and more electromagnetic
interference will be caused. These are the limitations of the
conventional PI method.

B. Feedback Variable of the Proposed Constant Current
Control Method

The key to implementing the idea shown in Fig. 12 is to deter-
mine if ic is at its maximum (or minimal) value, which cannot be
realized by using io as the feedback variable. According to (2),
ic is determined by mean(is,rec) and io. io is associated with
the charging and the discharging process of Cout, which is at
the ms level, and mean(is,rec) is associated with the transient
process in the resonant tank, which is at the us level. Thus, the
change of ic is also at the us level and is mainly determined by
mean(is,rec) rather than io.

According to the analysis in Section II-D, when the state
trajectory shrinks to zero, ic is minimal and mean (is,rec) = 0.
According to (9), ucr2,max is also zero at this moment. The value
of ucr2,max can be used to determine if ic is minimal.

When the converter is operating under the critical condition
between the PO Mode and the PN Mode, ic is maximum. At
this point, ucr2,max = Uout + um. This criterion can be used
to judge if ic is maximum. However, it is difficult to apply this
criterion because the specific value of um varies and is difficult
to calculate online.

Fortunately, by applying the mode analysis method [32], the
value of ucr2,max/Uout when the converter is at the critical point
can be obtained by numerical calculation. The critical curves
of ucr2,max/Uout vs. fs/fr under different values of k (k =
Lm /Lr1 as defined in (3)) are illustrated in Fig. 13. k is a
constant parameter of the resonant tank. Then, critical curves of
ucr2,max/Uout can be used to judge if ic is maximum.

From the above-mentioned analysis, ucr2,max can be used
to judge if ic is at its maximum (or minimal) value. As a

Fig. 13. Critical curves of ucr2,max/Uout versus fs/fr under different k.

Fig. 14. Waveforms of is, ucr2,max, and Vgs1. (a) In the P Mode. (b) In the
PO Mode.

Fig. 15 Flowchart of the sampling scheme for ucr2,max.

result, ucr2,max is used as the feedback variable in the proposed
constant current method.

The sampling of ucr2,max is not difficult. As addressed in
Section II, the proposed method targets at the case where the
switching frequency is not larger than the resonant frequency
(i.e., fs ≤ fr). As a result, the converter works under the P
Mode ( fs = fr ) or the PO Mode (fs < fr). Waveforms of is,
ucr2,max, andVgs1 in the P Mode and the PO Mode are illustrated
Fig. 14(a) and (b). In Fig. 14, Vgs1 is the drive signal of S1.
According to Fig. 14, the value ofucr2 always equals toucr2,max

at moment of Vgs1’s falling edge. For the sampling of ucr2,max,
it is not necessary to sample ucr2 at a very high frequency to
detect ucr2,max. Instead, controller just needs to trigger ADC
sampling at the falling edge of Vgs1, and the value of ucr2,max is
automatically sampled. The flowchart of the sampling scheme
for ucr2,max is illustrated in Fig. 15.

C. Dead-Band-Based Method With Improved Dynamic
Performance

Since ucr2,max can enable the controller to judge if ic is
at its maximum (or minimal) value, the idea illustrated in
Fig. 12 can be implemented in practice. Based on that, a novel
dead-band-based control method with improved dynamic per-
formance is proposed. The detailed step-by-step flow chart of the
proposed dead-band-based method is illustrated in Fig. 16(a),
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Fig. 16. (a) Step-by-step flow chart of the proposed dead-band-based method; Graphical diagrams of the proposed control method. (b) Under the load increase.
(c) Under the load decrease.

and graphical diagrams of the proposed method under the load
increase and the load decrease are illustrated in Fig. 16(b) and (c),
respectively. The detailed implementation steps of the proposed
method are as follows.

Step A: Update new sampling results for Uout, io, and ucr2,max.
Step B: Judge the status of converter.
Step B1: If the converter is under normal status (normal status

means the converter is under steady state or the load changes
slowly), go to Step C.

Step B2: If the converter is under the status of fast load increase,
go to Step D.

Step B3: If the converter is under the status of fast load decrease,
go to Step E.

Step C: Detect the event of fast load transient.
Step C1: If io,set − io > io,threshold is satisfied, set the converter

status as fast load increase and set the control stage as Stage
I. Then go back to Step A. Otherwise, go to Step C2.

Step C2: If io − io,set > io,threshold is satisfied, set the converter
status as fast load decrease and set the control stage as Stage
I. Then go back to Step A. Otherwise, go to Step C3.

Step C3: The converter is still under normal status, a PI controller
is used to regulate io. Then go back to Step A.

Step D: Handle fast load increase transient. If the type of control
stage is Stage I, go to Step D1; If the type of control stage is
Stage II, go to Step D2; If the type of control stage is Stage
III, go to Step D3.

Step D1: If ucr2,max/Uout ≤ λ is satisfied, fs is reduced byΔfI
(i.e., fs = fs −ΔfI ) and go back to Step A. Otherwise, set
the control stage as Stage II and go back to Step A.

Step D2: If io ≥ io,set is satisfied, set the control stage as Stage
III and go back to Step A. Otherwise, if ucr2,max/Uout ≤ λ is
satisfied, fs is reduced by ΔfII (i.e., fs = fs −ΔfII ) and
go back to Step A, if ucr2,max/Uout ≤ λ is not satisfied, fs is
not changed and go back to Step A.

Step D3: If ucr2,max > io,setTs/(4Cr2) is satisfied, fs is in-
creased by ΔfIII (i.e., fs = fs +ΔfIII ) and go back to
Step A. Otherwise, set the converter status as normal and go
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back to Step A. The expression io,setTs/(4Cr2) is new steady
state value of ucr2 according to (9).

Step E: Handle fast load decrease transient. If the type of control
stage is Stage I, go to Step E1; If the type of control stage is
Stage II, go to Step E2; If the type of control stage is Stage
III, go to Step E3.

Step E1: If ucr2,max ≥ Δ is satisfied, fs is increased by ΔfI
(i.e., fs = fs +ΔfI ) and go back to Step A. Otherwise, set
the control stage as Stage II and go back to Step A.

Step E2: If io ≤ io,set is satisfied, set the control stage as Stage
III and go back to Step A. Otherwise, if ucr2,max ≥ Δ is
satisfied, fs is increase by ΔfII (i.e., fs = fs +ΔfII ) and
go back to Step A, if ucr2,max ≥ Δ is not satisfied, fs is not
changed and go back to Step A.

Step E3: If ucr2,max < io,setTs/(4Cr2) is satisfied, fs is de-
crease by ΔfIII (i.e., fs = fs −ΔfIII ) and go back to Step
A. Otherwise, set the converter status as normal and go back
to Step A.

In Fig. 16(a), io,threshold is a threshold value used to detect
the fast load transient event. λ and Δ are dead band boundaries
for fast load increase and fast load decrease, respectively. ΔfI ,
ΔfII , and ΔfIII are adjustment for fs in control stage of Stage
I, Stage II, and Stage III, respectively.

The value of io,threshold is determined by users which depends
on how large a load transient being seen as a fast load transient.
The value ofΔ should be small but larger than zero. According to
Fig. 13, λ changes by fs if maintaining ic at the maximum value
exactly. As a result, a lookup table needs to be established, and
the controller checks the table every control cycle. To simplify
the control method, a tradeoff is made. The value of λ is set as
the value of ucr2,max/Uout when fs is minimal. By maintaining
ucr2,max/Uout at λ, a large enough ic can be achieved and the
converter also works under the PO Mode.

Other control parameters is determined as follows. The value
of ΔfI should be relatively large so that ucr2,max/Uout or
ucr2,max reaches the bead-band boundary quickly. However, if
ΔfI is too big, the converter may operate under the PN mode
during Stage I in a load increase. A suitable value for ΔfI is
1 kHz – 5 kHz. ΔfII should be smaller than ΔfI because in
Stage II, the controller only needs to maintain ucr2,max/Uout

or ucr2,max at the dead-band boundary. Several hundred hertz
is suitable. ΔfIII should be even smaller to make the converter
enter the new steady state smoothly to prevent overshoot.

The proposed method is also suitable reverse operation. The
input side and output side in forward operation and reverse
operation are opposite. As a result, In reverse mode, S5 to S8

are inverter side, S1 to S4 are rectifier side, and ucr1.max , Uin,
and iin is used in control.

IV. EXPERIMENTAL VERIFICATION

A prototype is built to verify the proposed dead-band-based
constant current control method. The figure and the parameters
of our experimental prototype are given in Fig. 17 and Table V,
respectively.

The k value of this prototype is Lm/ Lr = 386/35 = 11.04.
The minimal fs is set at 75 kHz. According to Fig. 13, the

Fig. 17. Photograph of our experimental prototype.

TABLE V
PARAMETERS OF THE LAB-LEVEL PROTOTYPE

dead-band boundary λ is set as 0.78. Since the CLLC converter
has a symmetric structure and the transformer turns ratio of
experimental prototype is 1, waveforms of reverse operation
are almost the same as that of forward operation. For the sake
of simplicity, the forward operation is mainly focused on to
demonstrate the effect of the proposed method.

Fig. 18(a) shows the dynamic waveform of Uout when fs
changes from 110 to 100 kHz. The load resistance is 220 Ω
There is a 340 V offset in the scope channel. After fs changed,
Uout increased gradually, which means Cout was charged. In
Fig. 18(b), waveforms of a smaller time scale are illustrated to
show the transient process in the resonant tank. According to
Fig. 18(b), the time of the O Mode increased after fs decreased
to 100 kHz. The amplitudes of ip, is, ucr1, and ucr2 also
increased quickly, which meant more energy was transferred
to the secondary side.

The experimental transient trajectory when fs changed from
110 to 100 kHz is illustrated in Fig. 18(f). The length of the O
Mode trajectory increased and the whole trajectory expanded.
Steady-state trajectories at 100 and 110 kHz are shown in
Fig. 18(e). The steady-state trajectory at 100 kHz is larger.
Similarly, when fs increased from 100 to 110 kHz, Uout de-
creased gradually so thatCout was discharged [see Fig. 18(c)]. In
Fig. 18(d), the time of the O Mode decreased and the amplitudes
of ip, is,ucr1, anducr2 also decreased quickly. Correspondingly,
the length of the O Mode trajectory decreased and the whole tra-
jectory shranks, as shown in Fig. 18(g). The experimental results
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Fig. 18. Waveforms of Uout when fs decreases (a) and increases (c). Dynamic processes in the resonant tank when fs decreases (b) and increases (d). CH1:
ucr1 CH2: ucr2 CH3:ip CH4:is; (e) Experimental steady-state trajectory at 100 and 110 kHz. (f) Experimental transient trajectory when fs changes from 110 to
100 kHz. (g) Experimental transient trajectory when fs changes from 100 to 110 kHz.

of the transient process in the resonant tank are consistent with
the state trajectory analysis in Section II-C. The correctness of
the proposed state trajectory model and state trajectory analysis
for the CLLC converter is verified.

The time span in Fig. 18(b) corresponds to the region marked
by blue square in Fig. 18(a). Comparing Fig. 18(b) with
Fig. 18(a), the amplitudes of ip, is, ucr1, and ucr2 increased
greatly, but Uout only changed a little after fs decreased. Sim-
ilarly, the time span in Fig. 18(d) corresponds to the region
marked by the blue square in Fig. 18(c). The amplitudes of ip,
is, ucr1, and ucr2 decreased greatly while Uout only changed a
little after fs increased. Such differences prove that the transient
process in the resonant tank is much faster than the charging and
discharging process of Cout, as pointed out in Section II.

The dynamic performance comparisons between the proposed
dead-band-based method and the conventional PI method in
the load decrease and load increase conditions are illustrated
in Fig. 19 and Fig. 20, respectively. The performance data are
listed in Table VI. The target value of io was set at 2 A (i.e.,
io,set = 2 A). In the experiment, the moment that io first remains

TABLE VI
DYNAMIC PERFORMANCE COMPARISON BETWEEN THE PROPOSED

DEAD-BAND-BASED METHOD AND THE CONVENTIONAL PI METHOD

in the range of (–3%+1, +3%+1) io,set is regarded as the end
of the transient process.

For a load increase, the load resistance changed from 160 to
220Ω. According to Fig. 20(a) and (d), io stepped down to 1.4 A
(30% lower than io,set and exceeding io,threshold) after the load
increase. The conventional PI method took 12.8 ms to bring io
back to io,set, and a 0.16 A (8% of io,set) overshoot occurred.
In contrast, the length of the transient process of the proposed
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Fig. 19. Full response waveforms (a) and detailed ucr2 and uAB waveforms (b) of the proposed dead-band-based method in load decrease condition; Full
response waveforms (c) and detailed ucr2 and uAB waveforms (d) of the conventional PI method in load increase condition; CH1: uAB CH2: ucr2 CH4: io.

Fig. 20. Full response waveforms (a) and the detailed ucr2 waveform (b) of the proposed dead-band-based method in the load increase condition; Full response
waveforms (d) and the detailed ucr2 waveforms (e) of the conventional PI method in the load increase condition; CH2: ucr2 CH4: io. The transient process in the
resonant tank of the proposed dead-band-based method (c) and the conventional PI method (f) during the load transient; CH1: uAB CH2: ip CH3: is.
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dead-band-based method was only 5.6 ms, and no overshoot
occurred.

According to Fig. 15, the proposed dead-band-based method
during load increase also has three stages. The waveform of
ucr2 illustrated in Fig. 20 shows the three stages in practice. In
Stage I, ucr2,max increased quickly. The left figure in Fig. 20(c)
shows the transient process in the resonant tank during Stage I.
The amplitudes of ip and is increased gradually as fs decreased
gradually. In the waveform of is, the value of is was maintained
at zero after the P Mode. According to Fig. 10, the converter was
working under the PO Mode. The value of ip was large enough
to charge the output capacitor of the primary side MOSFET, and
the ZVS condition was realized. In Stage II, ucr2,max/Uout

was maintained at λ = 0.78. In Fig. 20(b), ucr2,max increased
gradually during Stage II, it is because Cout was charging and
Uout was increasing gradually. At the end of Stage II, io reached
io,set so that Uout was about 440 V, and ucr2,max should be
Uout × λ = 343.2V. The measureducr2,max at the end of Stage
II is about 346 V, which means the proposed dead-band-based
control method was operating correctly. The transient process
in the resonant tank during Stage II is illustrated in the right
figure of Fig. 20(f). The converter was also working under the
PO Mode, and the ZVS condition was also achieved. In Stage
III, after io reached io,set, ucr2,max decreased gradually to its
new steady-state value.

For comparison, waveforms of ucr2 and the transient process
in the resonant tank of the conventional PI method are illustrated
in Fig. 20(e) and (f). The waveform of ucr2 can also be divided
into three stages, as shown in Fig. 19(e).

In the first stage, fs was too small and ucr2,max was too
large (between 390 and 442 V). Formula (8) was satisfied
and the converter was working under the PN Mode. The left
figure in Fig. 20(f) shows the transient process in the resonant
tank when the load resistance was changed. The value of fs
decreased suddenly, while the amplitude of ip and is increased
very quickly. The value of is was less than zero after the P Mode,
so the converter was working under the PN mode according to
Fig. 10. The value of ip at the MOSFET switching transient was
too small to charge the output capacitor. As a result, the primary
side MOSFET was under hard switching conditions. The right
figure in Fig. 19(f) shows the transient process in the resonant
tank at about the middle of the first stage. The converter was
also working under the PN mode and the primary side MOSFET

was under hard switching conditions.
Moreover, the waveform of io under the PI method has many

spikes compared to that of the proposed method. This is because
the primary side MOSFET was under hard switching conditions,
so the current probe was interfered. Working under PN mode
also caused Cout to be charged slower than that in our proposed
method. In our method, it took 5.4 ms for io to get back to the
range of (–3%+1, +3%+1) io,set. However, in the PI method,
it took 7.4 ms. Similar to the response during load decrease, the
PI method failed to decrease ucr2,max to its new steady-state
value in time and caused overshoot. After the overshoot, in the
second stage, the PI controller decreased fs to bring io back. In
the third stage, there was some oscillation before the converter
finally entered the new steady state.

The experimental comparison shows that the dynamic re-
sponse time of the proposed dead-band-based method during
load transient is much shorter than that of the conventional
PI method. No overshoot occurs and the ZVS condition is
guaranteed during the transient process. The improved dynamic
performance of the proposed dead-band-based constant current
control method is verified.

V. CONCLUSION

The charging and discharging process of the output capacitor
determines the dynamic performance in constant current control.
In this article, the state trajectory model is established for the
CLLC converter and a comprehensive state trajectory analysis of
the load transient process is performed under the constant current
control. Using the state trajectory analysis, the mechanism about
how fs influences io is clarified. Based on our analysis, a
novel constant current control method with improved dynamic
performance over the conventional PI method is proposed for
the CLLC converter. Our proposed method achieves direct and
effective control of the charging and the discharging process
of the output capacitor, which the conventional PI control
method cannot achieve. As a result, dynamic performance is
improved.

The correctness of the proposed state trajectory model, the
state trajectory, and the effectiveness of the proposed dead-band-
based constant current control method are verified by experi-
ments. Experimental results show that, during the load increase
transient, the ZVS condition is lost under the conventional PI
method but is still guaranteed under the proposed method. More-
over, the response time of the proposed method is shortened by
more than 50% compared to that of the conventional PI method,
with no overshoot occurring.
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