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Abstract: In this paper, a rectifier current control for an LLC resonant converter is proposed, based on
a simplified, two-order, linearized model that adds a rectifier current feedback inner loop to improve
dynamic performance. Compared to the traditional large-signal model with seven resonant states, this
paper utilizes a rectifier current state to represent the characteristics of the resonant states, simplifying
the LLC resonant model from seven orders to two orders. Then, the rectifier current feedback
inner loop is proposed to increase the control system damping, improving dynamic performance.
The modeling and design methodology for the LLC resonant converter are also presented in this paper.
A frequency analysis is conducted to verify the accuracy of the simplified model. Finally, a 200 W
LLC resonant converter prototype is built to verify the effectiveness of the proposed control strategy.
Compared to a traditional single-loop controller, the settling time and voltage droop were reduced
from 10.8 ms to 8.6 ms and from 6.8 V to 4.8 V, respectively, using the proposed control strategy.

Keywords: LLC resonant converter; linearized model; rectifier current control; extended description
function (EDF)

1. Introduction

Nowadays, more and more equipment has its energy supplied by DC sources, including integrated
circuits (ICs), computers, cell phones, communications and so on [1-4]. An isolated DC/DC converter
is the key component in these applications to convert the high DC voltage to low voltage, and it should
have high efficiency and power density to meet the demanding requirements in terms of heat design
and volume. Meanwhile, for some special applications, high, steady and dynamical performance is
also required, as in the case of an IC power supply, which should maintain uninterrupted voltage
to ensure data security and thus requires high dynamical performance [5], or battery charging
which should ensure the control accuracy since the overvoltage or overcurrent could damage the
batteries [6-8]. Therefore, high efficiency, high power density and high performance are the main goals
when developing a DC/DC converter.

LLC resonant converters have been widely used among the various DC converters due to
their outstanding advantages, like zero voltage switching (ZVS) for the primary Mosfets and zero
current switching (ZCS) for the secondary diodes, which help them reach high efficiency and power
density [9-11]. Generally, switching frequency modulation methods are used in LLC resonant
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converters to regulate the output voltage and current, but the nonlinear characteristics make it difficult
for conventional linear control strategies to achieve the expected performance. Although increasing
efforts have been made in control research on the LLC resonant converter over the years, designing the
control strategies to achieve high performance is still a research topic for the LLC resonant converter.

The gain of the LLC resonant converter rises as the frequency rises in low frequency range, while
rising as the frequency falls in the high frequency range. Generally, the frequencies are usually limited
to the high-frequency range to achieve ZVS. Then, a linear proportional-integral (PI) controller is
used to control the converter [12], which would reduce the frequency when the output voltage is
high while decreasing the frequency to increase the voltage. In [13-15], the proportional integral
differentiation (PID) controller is proposed, which uses added differentiation parts to improve the
dynamic response but also makes the converter more unstable. Three-order controllers [16,17] and
current loops [18,19] are used to improve the system damping. However, the resonant current is
difficult to sample, hindering the controller’s performance. Reference [20] designs a state observer to
control the LLC resonant converter. Due to the nonlinear characteristics of the LLC resonant converter,
no accurate model or transfer function is provided in these control strategies, which are based on the
trial and error method or simulation results, making it difficult for them to guide the controller design.

Some nonlinear control schemes are proposed in other papers, such as sliding-mode control [21],
bang-bang control [22], robust control [23], and self-adaptive fuzzy control [24]. These intelligent
algorithms are too complex to be realized. Some papers combine linear and nonlinear control
algorithms to improve the converter’s performance. In [25], the authors use an inverse function
to eliminate the nonlinear characters and then design a PI controller to achieve high performance.
References [26-28] propose an optimal trajectory control scheme. During the steady state period, the
PI controller is used to achieve excellent steady performance while the optimal trajectory control is
applied during the dynamic state period to improve the transfer performance from one state to another.
High performance is achieved in both at the steady and dynamic state while the large and complex
calculations make the control strategy hard to be realized.

Due to the lack of an accurate, simple and linear model, LLC resonant converter controller
design is very difficult. The state averaging model has been widely used in pulse width modulation
(PWM) converter, which uses the state average values to eliminate nonlinear characteristics [29].
However, in an LLC resonant converter, the output voltage is controlled by regulating the switching
frequency, making this model method ineffective. The simulation model method is proposed in [30,31].
The amplitude frequency response of an LLC resonant converter is achieved by measuring the output
voltage characteristics in the simulation model. Then, a linear transfer function is constructed to fit the
amplitude-frequency response curve to describe the converter characteristics. However, this model
method only builds a numerical model of the LLC resonant converter, which makes it difficult to
determine the influence of the resonant parameters and operation for the purposes of the controller
design. A nonlinear state model for the LLC resonant converter is built in [32] based on the extended
description function (EDF) method, producing the small signal model. However, this method only
considers the fundamental components’ lack of accuracy. The 3rd and 5th harmonics are considered
in [33]. These models are too complex, though, and dependent on the operation conditions. When the
operation conditions change, the model must be modified.

In this paper, a simplified, two-order, linearized model is presented to solve these issues by
using the rectifier current to represent the resonant characteristics, reducing the model orders from
seven to two. A frequency analysis of the new model is also carried out to verify its accuracy. Then,
a double-loop control with rectifier current feedback for the LLC resonant converter is proposed to
improve the dynamic performance by increasing the system damping. The pole placement method is
discussed in terms of controller design and the experiments are presented. This paper is organized
as follows. In Section 2, a nonlinear model of the LLC resonant converter is designed using the EDF
method. Then, the complex nonlinear model is simplified to a two-order equal model in Section 3.
In Section 4, the double-loop control strategy is presented with an inner rectifier current controller and
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an outer voltage controller. The simulation and experimental results are shown in Section 5 to verify
the effectiveness of the proposed control strategy. Conclusions are finally presented in Section 6.

2. Modeling of LLC Resonant Converter Based on EDF

2.1. Topology Description

The topology of the LLC resonant converter is shown in Figure 1 and is similar to the series or
parallel resonant converter. The input DC voltage source is connected to a full bridge converter, which
connects to the resonant tank, including a series resonant inductor L, and capacitor C,. The magnetic
inductor Ly, is in parallel with the transformer’s primary side and the rectifier diodes are connected to
the secondary side. The output capacitor C is large enough to be regarded as a constant voltage source.
The transformer’s turns ratio is n:1:1. The resonant frequency is defined as:

fr=1/ (27 VLG M

D,

I~

L~
e

ip — R Vo

Figure 1. Circuit block diagram of LLC resonant converter.

2.2. Operation Principle

The typical operation waveforms of the LLC resonant converter are shown in Figure 2. Switchers
51, S2, S3, S4 are operated with a fixed duty cycle of 0.5 ignoring the dead time. Switchers S; and Sy4, 52
and S3 are respectively turned on and off synchronously, while the operation of switchers S; and S5,
S3 and S4 are complementary.
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Figure 2. Operation waveforms of LLC resonant converter.
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At ty, switchers S and S, turn on, the terminal voltage of resonant tank v, is v;, and then the
resonant current i, rises, which is higher than the linearly rising magnetic current i,,, turning on the
rectifier diode D; and clamping the transformer voltage to the output voltage v,. At t1, the resonant
current is equal to the magnetic current, turning off the rectifier diode D; with zero current realizing
ZCS. Then, the large output capacitors provide energy for the loads while the resonant capacitor,
resonant inductor and magnetic inductor self-resonate, leading to nearly constant resonant currents
due to the large magnetic inductors. At f,, switchers S; and Sy turn off with zero voltage and resonant
current i, charges the junction capacitors of S; and S;. The drain-source voltage Uysp and Uygy of
switchers S; and Sy rise quickly reaching v; at t3. Then the terminal voltage v, is clamped by the input
voltage v; and the resonant currents flow through the anti-parallel diodes of S; and S3 resulting in the
zero voltage of the switchers. Thus the switchers S; and S3 can realize ZVS at t4. During the second
half switching period, the operation waveforms are similar to the first one.

2.3. Modeling Based on EDF

The characteristics of the LLC resonant converter are nonlinear. In order to simplify the model,
some assumptions are made based on the circuit performance:

(a) All the switchers are ideal, ignoring the influence of the inner resisters and the dead time.

(b) All the resonant variables can be regarded as sinewaves, ignoring the harmonics since the
switching frequency is near the resonant frequency, resulting in small harmonics.

(c) All the resonant state variables can reach a steady state during each control period since the
control frequency is far lower than the switching frequency. Then, the dynamic response of each
resonant variable can be ignored during the switching period.

From assumption (a), the inverter bridge of the LLC resonant converter can be equal to a square
wave voltage source and all the inner resistors are ignored. Then the LLC resonant converter can be
equivalent to the circuit as shown in Figure 3. The state equations can be derived based on the circuit
theory as follows.

Lr% + Ve + Lmdéir;q = Ogp

Lm% = Uy = sgn(iy — in) - NV,
Cr L =i,

C i, = i,

)

ir, i, and v, are respectively the resonant current, magnetic current and resonant voltage. v,
Um, gy, Vo and i, are respectively the input terminal voltage, magnetic voltage, rectifier current, output
voltage and load current. Based on the assumption (b) and (c), the resonant variables can be regarded
as sine and cosine waves as follows.

Iy = iy SINWgt + Ipe COS Wt
Im = ims SIN Wst + 1 COS Wt 3)
Uer = Ucrs SIN Wgt 4 Uepe COS Wyt

irs and i, are respectively the amplitude values of the resonant current’s sine and cosine
components. i,;s and iy, are the amplitude values of the magnetic current’s sine and cosine components.
Uers and vere are the amplitude values of the resonant voltage’s sine and cosine components. Similarly,
only the fundamental components of v, and v,;, can considered in this analysis, which are derived
as follows:
Vap = (4v;/ 70) sin wyt
Oy = (4100 / 70)[(irs — ims) SinWst + (irc — imc) cOS wst] /i)

(4)

ip is the amplitude value of the difference current between the resonant and magnetic current.

ip = \/(irs - ims)z + (ire — imc)z ©
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Due to the large output capacitor, the harmonics of the rectifier current ig, can be absorbed, which
can be written as follows:

igy = 2niy/ 7 (6)

Combining Equations (2)—(5), the sine and cosine components can be eliminated based on the
harmonics balance. Thus the state equations of the amplitude values of the sine and cosine components
can be derived as seen in Equation (7).

di . Ips—1
LVT? — wsLyiye + Uers + %nvorsiipms = %Ui
di . Ipe—1
Ly "3 + wsLyirs + Ucre + %nvoi’c 7, me — ()
Lt — gL = Aoy i

7T Ip (7)

di S 4 ire—i
Ly =ff¢ + WsLimims = 7nv Lo 7, e

dv ;
Crﬁ — wsCrUere = s
dv ;
Cr=gf¢ + wsCroers = e

At the rectifier side, the rectifier currents charge the output capacitor and loads. The state
equations can be expressed as shown in Equation (8).

dv, | . .
C—O—b—z(,:anp/n 8)
dt
The model of an LLC resonant converter is built to describe the converter’s characteristics.
However, it is still a nonlinear system unable to achieve the transfer function between the switching

frequency and the output voltage, making controller design very difficult.

G L, L dp Transformer |
[N !
N | | —lr> iLm n : +
56 hEn @ @) 4 == o
| |
I |

Figure 3. Equal circuit of LLC resonant converter.

3. Simplified Linear Model

The model of the LLC resonant converter is a seven-order nonlinear system in Section 2, which is
too complex to guide controller design and analysis. A simplified two-order model is discussed in
this section. In the Equation (5), i, is the currents connecting the resonant tank and rectifier circuit
containing the information of all the resonant variables, which can be written as follows.

4 dlp _ (s . dirs dlms . . dirc dlmc
ZPE = (lrs _lms) (dt T ) + (1rc _1mc) (dt i ) 9)

From Equation (7), we can obtain the follow equations.

% — % = —4(1/Lr + 1/ L) (irs — ims)nvo/ (7tip) + ws(ire — ime) — Vers /Ly +40;/ (Lp77) (10)
Lrc Linc

dt ;'it = _4(1/LY + 1/L,m)(irc - imc)nvo/(Nip) - ws(irs - Z‘ms) — Uere/ Ly
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Combine Equations (9) and (10) and the state equation of the current i, can be achieved.

dip _

FTE _(1/Lr + 1/Lm)4nvo/7'f + [(irs - Z'ms)40i/77—' - (irs - Z'ms)vcrs - (irc - imc)vcrc]/(Lrip) (11)

The last part of the equation can be regarded as a voltage source.

%gl::(1/Lr4-1/LWJ4n(vn——vo)/ﬂ (12)

vy, is defined as the controlled voltage source, which is expressed as follows:
Un = [(irs - ims)4vi/77 - (irs - ims)vcrs - (irc - imc)vcrc]/ [Lrip(l/Lr + 1/Lm)411/7'(] (13)
The state equation of the LLC resonant converter can be rewritten as follows:

d;l;r = —0y/Ls +vy/Ls
C%o 1 i, = ip, (14)
Ly = m?/8n?(1/Ly +1/Ly)

The seven-order model shown in Equations (7) and (8) are simplified into a two-order model
shown in Equation (14) by using the rectifier currents ig,. In this simplified model, the full bridge
converter, resonant tank and rectifier diodes of the LLC resonant converter are regarded as a switching
frequency controlled voltage source v, connected with a LC filter formed by equal inductor Ls; and
output capacitor C. Based on assumption (c), the resonant variables have reached the steady state
during each control period achieving a steady state controlled voltage source v, which can be written
as follows:

o= o/ (/4 n =/ 2P+ (1777 (15)

where h = L;/Ly, f = ws/wy, wy, = 1/+/L,C,, Q = /L, /Cr/(8n*R/7?). However the transfer
function between controlled voltage v, and frequency f is still nonlinear which can be approximated
as a parabola wave. In order to solve the issues, the Taylor series are used to linearize the controlled
voltage source which is derived as follows:

v;  do, o Ui
Un~g+ af =1 = (1 th)n (16)

Then the linear simplified model can be achieved.

Ls d;z;r = —2h3f+ 5 -0 (17)
C% i, = ip,

The frequency response curves using the small signal model and simplified model are given in
Figure 4 to verify the effectiveness of the proposed model. The frequency response characteristics
from below to above the resonant frequency in both models are the same at the low frequency range,
verifying the accuracy of the proposed simplified model. At medium frequency, the characteristics of
the simplified mode are similar to the traditional two-order transfer function: the magnetic falls with
an overshoot and phase falls quickly from —180° to —360°, since frequency is negatively correlated
with the output voltage, creating a —180° difference with the normal positive correlation transfer
function. The small signal model is similar to the proposed simplified model especially in medium
frequency range especially under resonant frequency operation conditions. In the high-frequency
range, the proposed model frequency response characteristics are much different from the small signal
model, especially the phase performance since the simplified model ignores the dynamic response
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of the resonant tank. Due to the large output capacitor, the harmonics at high frequencies would be
suppressed. Thus, the simplified model is still accurate enough to guide controller design and analysis.
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Figure 4. The bode plot of output voltage v, with respect to normalized switching frequency f; /f, using
the small-signal model (blue line) and simplified model (green line): (a) below resonant frequency
(fs = 0.8f+); (b) at resonant frequency (fs = f+); (c) above resonant frequency (fs = 1.2f;).

4. Rectifier Current Control

The traditional single-loop voltage control strategy can be used to achieve the expected voltage
but with some disadvantages. (1) The single-loop control strategy cannot suppress the resonant peaks
of the system transfer function. Since the LLC resonant converter is a two-order model as shown in
Section 3, the small inner resistor in the single-loop control strategy cannot suppress the resonant
oscillation, making the converter unstable. (2) Large resonant currents may appear during the control
process, which could damage the converter since the resonant currents are out of control. Therefore, a
double-loop control strategy is proposed in this paper, adding a rectifier current feedback controller to
increase the closed-loop control system’s damping and limit the resonant currents during the control
process. The block diagram of the control strategy is shown in Figure 5.

i
_ - + _ >
k, ref: m - P ' - 3
n

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Double Loop Controller Voltage to Frequency Converter LLC Resonant Converter

Figure 5. Double-loop control strategy of LLC resonant converter.

kyy and k;, are respectively the proportion and integration parameters of the outer voltage
controller and ky; is the proportion parameters of the inner current controller. The voltage error
between the reference and output voltage is calculated and sent to the PI controller, establishing the
reference resonant current, which is limited by the saturation to protect the converter from large
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currents. The P controller of the rectifier current feedback is used to generate the regulation values,
which can increase the system’s damping. The output voltage feedforward can improve the system’s
dynamic response. Then, the inner transfer function can be expressed as follows:

Gi = kpi/ (Lss +kpi) (18)

The P parameter of the rectifier current feedback controller can be regarded as the inner resister.
The higher P value can extend the bandwidth of the system to effectively suppress the resonant
oscillation and improve the dynamic response performance. However, the higher bandwidth also
reduces the ability to suppress the influence of high frequency harmonics, making the converter more
unstable. The outer controller uses the output voltage feedback, which contains a PI controller to
achieve steady, dynamic high performance. The closed-loop transfer function of the system can be
written as follows:
_ kpi (kpUS + kiv)
N LSCS3 + Ckpisz + kpl-kpys + kpikiv

Go (19)
The larger proportion value can improve the dynamic performance and the accuracy of the
steady state. The larger integration value can eliminate the steady state error but also causes resonant
oscillation, making the converter more unstable. In order to design the controller, the pole placement
method is used to achieve these controller parameters. As shown in Figure 5, there are three
controller parameters to design, and the characteristic equation is a three-order equation as shown
in Equation (19). Thus these parameters can be obtained based on the placements of these poles.
Assuming the damping ratio is { and the natural frequency is w;, the expected characteristic equation

can be written as follows:
(52 + 20wns +wa?) - (s + ken) = 0 20)

The third pole kw, is placed far away from the predominant pole and k = 3~5. The pair of the
predominant poles are decided by the damping ratio and natural frequency. Then, the controller
parameters can be obtained as follows:

kpi = (2€+ k)wan
kpo = (20k +1)wnC/ (20 + k) (1)
ki = kwy2C/ (27 + k)

The equal L; is derived from Equation (14) based on the converters parameters. k is usually 3~5 to
make the non-dominant pole far away from the dominant poles. { is the damping ratio, which is larger
than 0.7 to eliminate the resonant peak of the frequency curve. w is the natural frequency which is
500~1000 rad/s to achieve a good dynamical performance. When the proposed double-loop controller
is used, the resonant peak is effectively suppressed due to the large damping caused by the rectifier
current feedback controller.

5. Simulation and Experiments

A simulation model of the LLC resonant converter is built in MATLAB (R2013b, The MathWorks,
Inc., Natick, MA. USA) to verify the effectiveness of the proposed control strategy. The main parameters
of the model are shown in Table 1. The transformer ratio is 10:1:1 so that the rated voltage gain can be 1
and the converter operates at the resonant frequency achieving high efficiency. The resonant inductor
is 86 uH, the resonant capacitor is 23.5 nF and the magnetic inductor is 266.5 pH. The output capacitor
is 3.96 mF, which is large enough to maintain the output voltage. Thus the resonant frequency is about
112 kHz. The equal output inductor is about 0.8 mH based on Equation (14). The oscillation frequency
of the LLC resonant converter is about 2.8 kHz.
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Table 1. Units for magnetic properties.

Parameter Value
Input voltage 240V
Output voltage 24V
Output current 8A
Transformer ratio 10:1:1
Resonant inductor 86 uH
Resonant capacitor 23.5 nF
Magnetic inductor 266.5 uH
Output capacitor 3.96 mF

The output voltage waveforms using the single-loop control strategy are shown in Figure 6a,
presenting 5 mV for voltage ripple amplitude and 2.5 kHz for oscillation frequency, which is similar to
the calculated results, showing the single-loop control has trouble suppressing the resonant oscillation.
The output voltage waveforms using the rectifier current feedback is shown in Figure 6b. The inner
feedback control can effectively suppress the oscillation, decreasing the amplitude of the voltage ripple
from 5 mV to 2.5 mV, verifying the correctness of the proposed simplified model and showing the
effective performance of the proposed double-loop control strategy.
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Figure 6. Simulation waveforms of output voltage for (a) a single-loop controller and (b) a double-
loop controller.
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A 200 W prototype was built to verify the proposed control strategy. The parameters are the same
with as in Table 1. The controller is implemented on the F28335 microcontroller with 10 kHz of the
control frequency and 100~300 kHz of the switching frequency range. The proposed control method is
shown in Figure 5.

The experimental waveforms of switcher voltage and resonant current at heavy loads are shown
in Figure 7a, where the input voltage is 220 V and the output currents is 8 A with 117 kHz of the
switching frequency. As shown in the figure, when the switcher turns on, the resonant currents are
negative and flow through the anti-diode of the switcher, producing ZVS. When the loads are light, the
experimental waveforms of terminal voltage and resonant current are shown in Figure 7b, where the
output currents are only 1 A with 300 kHz switching frequency. Due to the light loads, the resonant
currents are similar to the magnetic currents, which rise linearly when the switchers turn on and fall
linearly as the switchers turn off. Under both conditions, the switchers can achieve ZVS.

T,: 8.5us

Drain-Source
Voltage vg:
100V/div

Resonant Current

ir: 2A/div

Time: 2.5us / div

(@)

§ Terminal Voltage
% Vab: 200V/div

.| Resonant Current
J i: 1A/div

Time: lus / div

(b)

Figure 7. Waveforms of switcher voltage and current (a) with heavy loads and (b) with light loads.

The experimental waveforms using the single-loop control strategy are shown in Figure 8a, where
the input voltage is 220 V and output voltage is regulated to 24 V with a load step from zero to 8 A.
The output voltage and current against the step up loads can reach the steady state again in the period
of 10.8 ms. The maximum voltage droop is about 6.8 V. Due to the small damping, the output voltage
has large voltage ripples. The control performance is not very good. Then, the double-loop control
strategy is implemented on this prototype. The voltage and current waveforms against the step up
loads are shown in Figure 8b under the same operation conditions with Figure 8a. Due to the added
inner rectifier current feedback control, the settling time is 8.6 ms and voltage droop is 4.8 V showing
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better dynamic response performances compared with the single-loop control strategy. Meanwhile
the output voltage has small ripples. The good output performances verify the effectiveness of the
proposed control strategy.

At: 10.8ms

R
Output Voltage
Av: 6.8V¢ vo: 10V/div
et gt | Output Current iy
s, SA/div
&+

2 o DT B e

Time: 5ms / div

(@)

+
At: 8.6ms
- Output Voltage
Ve 10V/div
Av: 4.8V

I."'\-..n AT e e e e =
\j Output Current i;:
2A/div

Time: 5ms / div
(b)

Figure 8. Experimental waveforms of output voltage and current for (a) a single-loop controller and
(b) a double-loop controller.

6. Conclusions

This paper proposed a double-loop control strategy for the LLC resonant converter by using an
added rectifier current feedback inner controller to suppress the oscillation and protect the converter
from large currents, achieving high dynamical performance based on a simplified linearized model to
reduce the model orders from seven to two. This simplifies the analysis and design of the converter.
The main contributions of this paper are as follows:

(1) A two-order, linearized model of the LLC resonant converter is built based on the EDF method
with the resonant tank as a controlled voltage source which provides energy for the output
capacitor and loads. This sample model can simplify the analysis and design of the LLC resonant
converter, which is very useful for the engineer.

(2) A double-loop control strategy for the LLC resonant converter is proposed, using an added
rectifier current feedback inner controller to improve the converter damping and protect the
converter from large currents, achieving better performance compared with the traditional
single-loop control scheme.
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All these contributions can effectively improve the design of the LLC resonant converter.
The simulation and experimental results verify the effectiveness of the proposed control strategy.
The settling time of the LLC resonant converter is reduced from 10.8 ms to 8.6 ms and the voltage
droop is reduced from 6.8 V to 4.8 V using the double-loop control strategy. The proposed control
strategy can also be used for other converters.
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