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ABSTRACT

If a pulse frequency and a load resistance of an
LLC current-resonant DC-DC converter are changed,
the dynamic characteristics are varied greatly, that
is, the LLC current-resonant DC-DC converter has
non-linear characteristics. In many applications of
DC-DC converters, loads cannot be specified in ad-
vance, and they will be changed suddenly from no
loads to full loads. A DC-DC converter system used
a conventional single controller cannot be adapted to
change dynamics and it occurs large output voltage
variation. In this paper, a robust digital controller
for suppress the change of step response characteris-
tics and variation of output voltage in the load sud-
den change is proposed. Experimental studies using
a micro-processor for the controller demonstrate that
this type of digital controller is effective to suppress
the variation.

Keywords: LLC Current-Resonant, DC-DC Con-
verter, Approximate 2DOF, Digital Robust Control,
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1. INTRODUCTION

In many applications of DC-DC converters, loads
cannot be specified in advance, i.e., their amplitudes
are suddenly changed from the zero to the maxi-
mum rating. In an LLC current-resonant DC-DC
converter, if a pulse frequency and a load resistance
are changed, the dynamic characteristics are varied
greatly, that is, the LLC current-resonant DC-DC
converter has non-linear characteristics [1-5]. Usu-
ally, a controller of the DC-DC converter is designed
to an approximated linear controlled object at one
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operating point. In a non-linear DC-DC converter
system, it is not enough for design of controller con-
sidering only one operation point. As a technique to
improve dynamic performance, a gain-scheduled con-
trol method will be considered. However, this method
needs to switch many controllers designed at many
operation points. So it requires a complicated control
routine when controllers are implemented on a micro-
processor. Then, the controller which can cover sud-
den load changes and dynamic characteristics changes
with only one controller is needed. A conventional
control is performed in the analog control [6-7]. How-
ever, it is difficult to retain sufficient robustness of
the DC-DC converters by these technique. The ro-
bust control method using approximate 2-degree-of-
freedom (2DOF) for improving start-up characteris-
tics and load sudden change characteristics of a boost
DC-DC converters has been proposed [8-9]. In this
paper, the method using approximate 2DOF is ap-
plied to the current-resonant DC-DC converter. The
DC-DC converter is a non-linear system and the mod-
els are changed at each operation point. The design
method of the approximate 2DOF controller which
can cope with the non-linear system or changing of
model with one controller is proposed. It is shown
that the procedure of design becomes easy, the con-
troller topology also becomes simple from the conven-
tional one?and the control system becomes more ro-
bust than the conventional methods. This controller
is actually implemented on the micro-processor and is
connected to the LLC current resonant DC-DC con-
verter. Experimental studies demonstrate that the
digital controller designed by proposed method at-
tains the good performance and is useful.

2. LLC CURRENT-RESONANT DC-DC CON-
VERTER

2.1 State-space model of the DC-DC con-
verter

The LLC current-resonant DC-DC converter is shown
in Fig. 1. In Fig. 1, Vin =24[V], C1=0.33[µF], Lr

=0.44[µH], Lm =3.5[µH], n=1.11, Cf=480[µF] and
RL =25[Ω]. Iout is an output current, and vo is an
output voltage. RX62T is a micro-computer. Vref is
a reference input voltage, ufreq is a control input, and
Pfreq is a switching pulse frequency. A small signal
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Fig.1: LLC current-resonant DC-DC converter.

model of the LLC current-resonant DC-DC converter
is described by the third order model as follows:
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Here, ∆Vo = Vo − Vs and ∆Ufreq = Ufreq − Usfreq,
where Vs is Vo, and Usfreq is Ufreq at some operat-
ing point. GDC is a rate of change of DC gain at a
switching operating point, that is, GDC = kpVin and
kp is changed depending on the switching operating
point. GPFM is a conversion factor between ufreq

and 1/Pfreq, k is a correction factor, ωf is a recipro-
cal of time constant by RL and Cf , Q0 is the resonant
frequency by Lr and Cr, and Q0 is a quality factor
of the resonant circuit. As ω0 is very high frequency
and the gain value is very small as shown in the blue
line of Fig. 2, this model is approximated by the first
order model as follows:

∆Vo(s)

Ufreq(s)
≈ GPFM

GDC(
1 + s

kcωf

) (2)

This frequency characteristics is shown in the green
line of Fig.2.

Fig.2: The frequency characteristics of the third or-
der model and the first order model.

The state-space model of the DC-DC converter is de-
rived from eq. (2) as follows:

ẋ = Ax+Bu
y = Cx

(3)

where,

A = [−kωf ] B = [GDCGPFCkωf ]
C = [1] y = x = ∆Vo u = ∆Ufreq

2.2 Discretization

Fig.3: Controlled object with input delay time L<T.

When realizing a digital controller by the micro-
computer, a delay time exists between the starting
time of the sampling operation and the outputting
time of the control signal due to the calculation and
AD/DA conversion time and the computing time.
This delay time L(< T : sampling time) is consid-
ered to be equivalent to the input dead time which
exists in the controlled object as shown in Fig. 2.
Then the discrete-time model of the system in Fig. 3
will be obtained as follows:

xd(k + 1) = Adxd(k) +Bdv(k) +Bdqv(k)
y(k) = Cdxd(k) + qy(k)

(4)

where,

xd(k) =

[
x(k)
z(k)

]
Bd =

[ ∫ T−L

0
Bdτ

1

]
Ad =

[
eAT

∫ T

T−L
eAτ Bdτ

0 0

]
Cd = [1 0]

From eqs. (3) and (4), each parameter of the con-
verter depends on RL and GDC . Therefore, the small
signal model of the converter at the operating point
will be changed depending on RL and GDC . The
changes of RL and GDC are considered as parameter
changes in eq. (2) and (3). Such parameter changes
can be transformed to equivalent disturbances qv and
qy as shown in Fig. 3. Therefore, what is necessary is
just to constitute a control system whose pulse trans-
fer functions from equivalent disturbances qv and qy
to the output y become as small as possible in their
amplitudes, in order to robustize or suppress the in-
fluence of these parameter changes. The approximate
2DOF digital controller is designed for robust control.
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Fig.4: Model matching system using state feedback
and feedforward.

3. DESIGN METHOD OF APPROXIMATE
2DOF DIGITAL CONTROLLER

To the system of eq. (4), the model matching con-
trol system is constituted using the state feedback
and feed forward as shown in Fig. 4.

In Fig. 4, F = [F (1, 1)F (1, 2)] and G are the state
feedback and feed forward parameters, respectively.
In the system of Fig. 4, the transfer function from
the reference input r to the output y is specified as
follows:

Wry(z) =
(1 +H1)(1 +H2)(1− n1)

(z +H1)(z +H2)(z − n1)
(5)

n1 is a zeros for the discrete-time controlled object.
It shall be specified that the relation of H1 and H2

becomes |H1| >> |H2| . Then Wry can be approxi-
mated to the following first-order discrete model:

Wry(z) = Wm(z) =
1 +H1

z +H1
(6)

A system added an inverse system and a filter to the
system in Fig. 4 is constituted as shown in Fig. 5. In
Fig. 5, the transfer function K(z) is as follows:

K(z) =
kz

z − 1 + k
(7)

And, the transfer functionWQy(z) between the equiv-
alent disturbance Q = [qv qy]

T to y of the system in
Fig.4 is defined as

WQy(z) = ⌊Wqvy(z) Wqyy(z)⌋ (8)

If |H1| >> |H2|, the transfer functions between r−
y, qv − y and qy − y4ofthesysteminFig.5aregivenby

y ≈ 1 +H1

z +H1
r (9)

y ≈ z − 1

z − 1 + kz
WQy(z)Q (10)

From eqs. (8), (9), it turns out that the character-
istics from r to y can be specified with H1 and the
characteristics from qv and qy to y can be indepen-
dently specified with kz. That is the system in Fig.

Fig.5: System reconstituted with inverse system and
filter.

5 is an approximate two-degrees-of-freedom system.
If the gain characteristics of the transfer function be-
tween Q and y is small, even if the disturbance enters
to system, the characteristics of the transfer function
between r and y does not change. Then the approxi-
mate 2DOF system is a robust system. What is nec-
essary is just to enlarge kz as much as possible in the
range of 0 < kz < 1 for making the gain character-
istics of the transfer function between Q and y small
in the wide frequency range.

If the equivalent conversion of the controller in Fig.
5, we obtain the approximate 2DOF digital integral
type control system shown in Fig. 6. The topology
of the controller is very simple.

Fig.6: Approximate 2DOF digital integral type con-
trol system.

In Fig. 6, the parameters of the controller are as
follows:

k1 = −F (1, 1) −KzG/(1 +H1) k2 = −F (1, 2)
k1 = k2G kr = G

(11)

4. EXPERIMENTAL STUDIES

The DC gain characteristics between Ufreq−Vo are
shown in Fig. 7. It turns out that it becomes non-
linear depending on load resistances. The nominal
model is decided by making the point Op (Vo=12[V],
Ufreq=190[kHz], RL=6[Ω] ) in Fig. 7 to the operat-
ing point. Then GDCGPFM of eq. (1) is determined
as 0.055. Moreover, the small step responses when
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∆Ufreq was changed from 190 ( the operating point
in Fig. 7) to 209 are shown Fig. 8.The response is
changing depending on load resistances. Moreover, it
turns out that the real responses differ from the re-
sponses of the first-order models of eq. (1) consider-
ably when RL is more than 25[Ω]. From the response
at RL=6[Ω] in Fig. 8, 1/kωf was decided as 260e-
6.Converting eq. (1) to the discrete-time system (3)
with T=10 [µs] and L=0.999T, the digital controller
is designed.

Fig.7: DC gain between Ufreq and Vo.

Fig.8: Small step responses at the operating point
Op.

First of all, H1 is determined as follows so that
the step response of the closed loop system becomes
quicker than that of the controlled object.

H1 = −0.94 (12)

Next, from |H1| >> |H2|, H2 are determined as fol-
lows:

H2 = −0.1 (13)

Then F and G become as

F = [10.15 − 0.1206], G = 30.40 (14)

Next, in order to make the approximate 2DOF sys-
tem more robust, it is better to set up kz as large as
possible. However, kz must be decided that the mov-
ing poles p1 and p2 do not approach near H1. Then,
from the root locus of Fig.9, kz is determined to be
0.3.

Fig.9: Root locus.

Then, from eq. (10), the parameters of the proposed
controller become as

k1 = −162.1, k2 = 0.1206
ki = 9.108 kr = 30.40

(15)

By the way, the transfer function of the PI con-
troller is as follows:

GPI(z) = Kp +
KI

z − 1
(16)

The parameters of the PI controller are determined
as

Kp = 50 KI = 1.5 (17)

We manufactured the current-resonant DC-DC
converter. Experimental setup is shown in Fig. 10. In
this experiment, the micro-processor RX62T by Re-
nesas Electronics Corp. is used. The Renesas RX62T
is a high-performance microcontroller with a maxi-
mum operating frequency of 100MHz and a opera-
tion performance of 165[MIPS]. They are equipped
with PWM timers, high-speed 12-bit A/D converter,
and 10-bit A/D converter.

The simulation result of step response at load RL

=6[Ω] using the proposed controller is shown in Fig.
11. This response is almost the same as the response
of the first-order delay system with the dominant pole
H1. The experimental results of step responses at
load RL =6[Ω] and RL =25[Ω] using the proposed
controllers are shown in Fig. 12 and Fig.13, respec-
tively. From Fig.11 and Fig.12, it turns out that
the experimental step responses are almost the same
as the simulation one. And comparing Fig.12 with
Fig.13, it turns out that the experimental step re-
sponses are almost the same. Even if the loads are
changed, the step responses are almost the same and
are maintaining the responses by the dominant pole
H1=0.94. This shows that the approximate 2DOF
system is robust enough by setting up of kz=0.3.
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Fig.10: Experimental setup.

The simulation result at load sudden change
(RL:6↔25[Ω]) is shown in Fig. 14. The experiment
result at load sudden change (RL:6↔ 25[Ω]) is shown
in Fig. 15. It turns out that the experimental step
response is almost the same as the simulation one and
the output voltage regulation is suppressed to about
50 [mV]. This voltage regulation is smaller than the
reference [6-7]. The experiment result at load sudden
change (RL:6↔25[Ω]) when the input voltage is in-
creased by 10 [%] (Vin = 26.4 [V]) is shown in Fig.
16. It turns out that the experimental step response
is almost the same as the experimental one with Vin

= 24 [V]. Vin is included in GDC of eq.(3). So the
change of Vin is the one of the parameter change of
the controlled object, that is, the parameter change
is included in the equivalent disturbance Q. Since
the influence by change of the input voltage is sup-
pressed like the change of load resistance, the output
voltage regulation is hardly different from the one at
the change of only load resistance. That is, the pro-
posed control system is robust enough. In reference
[7], when the input voltage is changed, the output
voltage regulations differ greatly. So the control sys-
tem of reference [7] is not robust.

Fig.11: Simulation result of step response at RL=
6(Ω)using the proposed controller, Vin=24[V].

The simulation result of step response at load RL

Fig.12: Experimental result of step response at
RL=6 (Ω)using the proposed controller, Vin=24[V].

Fig.13: Experimental result of step response
RL=25(Ω) using the proposed controller, Vin=24[V].

Fig.14: Simulation result of sudden load change
RL : 6 ↔ 25(Ω)using the proposed controller,
Vin=24[V].

Fig.15: Experimental results of sudden load change
RL : 6 ↔ 25(Ω) using the proposed controller,
Vin=24[V].
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Fig.16: Experimental results of sudden load change
RL : 6 ↔ 25(Ω) using the proposed controller,
Vin=26.4[V].

=6[Ω] using the PI controller is shown in Fig. 17.
The experimental results of step responses at load
RL =6[Ω] and RL =25[Ω] using the PI controllers
are shown in Fig. 18 and Fig.19, respectively. From
Fig.17 and Fig.18, it turns out that the experimen-
tal step responses are different. The PI controller
cannot fully eliminate the influence of nonlinearity.
And comparing Fig.18 with Fig.19, it turns out that
when the loads are changed, the experimental step
responses are different. That is, the system using the
PI controller is not robust.

The experimental result at load sudden change
used a usual PI controller is shown in Fig. 12. The
output voltage variation in sudden load change is
about 100[mV], and the recovery time is longer than
the one in Fig. 15. This result is almost the same
as the result of the conventional method of reference
[6-7]. From these results, the system using the PI
controller or the conventional methods cannot attain
good regulations. As a result, it turns out that the
proposed controller is effective practically.

Fig.17: Simulation result of step response at RL=
6(Ω)using the PI controller, Vin=24[V].

5. CONCLUSIONS

In this paper, the concept of the controller of
the LLC current-resonant DC-DC converter to at-
tain good robustness was given. The proposed digital

Fig.18: Experimental result of step response at RL=
6(Ω) using the PI controller, Vin=24[V].

Fig.19: Experimental result of step response at
RL=25(Ω) using the PI controller, Vin=24[V].

Fig.20: Experimental results of sudden load change
RL:6 ↔ 25(Ω), where using PI controller, Vin=24
[V].

controller was implemented on the micro-processor.
The LLC current resonant DC-DC converter built-
in this micro-processor was manufactured. It was
shown from experiments that the proposed approx-
imate 2DOF digital controller can suppress the vari-
ations of the output voltages in sudden load changes
even if the input voltage was changed. This fact
demonstrates the usefulness and practicality of our
proposed method.

A future subject is to realize the robust control of
the system in which PFC and LLC converter were
combined.
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