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Abstract—This paper proposes a linear state-space model for
a phase-controlled resonant dual active bridge with a tuned
capacitor-inductor-inductor—capacitor network. The proposed
model is useful for fast simulation and for the estimation of state
variables under large signal variation. The model is also useful for
control design because the slow changing dynamics of the dq vari-
ables are relatively easy to control. Using the proposed model, a
decoupled control scheme was designed which allows for the con-
trol of the high frequency link currents while also improving the
soft switching range of the converter. Using steady-state relation-
ships between state variables and the system inputs, the controller
was simplified from three proportional integral (PI) controllers to
a single PI controller. The controller was implemented on a low
cost digital signal processor and verified experimentally. The ex-
perimental and simulation results showed the proposed model’s
usefulness for control design and fast simulation.

Index Terms—Bidirectional converter, control design, modeling,
phase control.

1. INTRODUCTION

UE to arising awareness of the negative impacts that burn-
D ing fossil fuels like coal and oil have on the environment,
renewable energy (RE) sources are being increasingly utilized
to meet our electrical energy needs. It is expected that in the
next 10-20 years, the amount of electricity generated from RE
sources will increase by as much as ten times [1]. Compared to
the conventional way of generating electricity from RE sources
in the form of large scale grid-connected wind and solar farms,
distributed micro generation with its decreased transmission
losses could increase the stability and power quality of the grid
locally [2]. RE sources like wind and solar energy are inher-
ently variable in their nature and this can result in mismatches
between the supply and demand of electricity. To overcome this
mismatch, an energy storage system such as a battery bank needs
to be incorporated into the network. This requires a bidirectional
power interface between the storage system and the local grid
so that the battery is charged when surplus energy is being gen-
erated or the energy is extracted from the battery when there is
a deficit.
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The dual active bridge (DAB) has been offered as one of the
preferred converters for bidirectional dc—dc conversion where
galvanic isolation is required as it has a small number of mag-
netic components and modular structure. Further, its soft switch-
ing capability enables operation at high frequencies and can be
operated at a wide range of voltages [3]-[5]. Much of the re-
search surrounding the DAB converter has been related to hard-
ware design and optimization, topology variants to improve soft
switching, control strategy, and modulation schemes [6], [7].

Initially, DAB converters were operated using the single phase
shift modulation strategy. This modulation scheme has received
alot of attention due to the ease of realizing soft switching when
the magnitudes of the two voltages are matched by the trans-
former ratio. However, when the DAB converter is operated out-
side of this range, the converter does not operate at zero-voltage
switching (ZVS) and the peak currents increase resulting in in-
creased switching and conduction losses [5], [8]-[10]. Many
other complex modulation schemes have been investigated [4],
[6], [11]-[17] that have shown an improved soft switching range
and lower conduction losses, however, they all still had a large
reactive current at rated power.

To improve the soft switching range of the DAB various reso-
nant dual active bridge (RDAB) topologies have been proposed
[18]-[32]. The most common RDAB topology is the series
RDAB (SRDAB) [21]-[27], [29]. This topology has received
a lot of attention due to its low resonant network component
count, only a single additional capacitor is required, and it’s in-
herent dc blocking capability. The SRDAB is commonly mod-
ulated using a frequency modulation scheme; however, a wide
switching frequency range is required to modulate the power
transfer and this complicates both the control and filter design
[21], [22]. Phase modulation has also been proposed for the
SRDAB [24]-[27]. Corradini has shown in [27] and [24] that
a minimum current trajectory can be followed when using a
triple phase shift (TPS) modulation scheme. In [18] and [32],
a frequency-modulated capacitor—inductor—inductor—capacitor
(CLLC) RDAB is proposed that can operate over large input
voltage variation while maintaining soft switching capability.
The proposed CLLC RDAB can be modulated using a smaller
switching frequency range compared to that of the SRDAB.
In [31], a Class-E RDAB is proposed that is able to operate at
high efficiency even at high switching frequencies. Additionally,
due to its current sourced nature, the converter is insensitive to
parasitic inductances.

Borage [33]-[36] has shown that the inductor—capacitor—
inductor (LCL) resonant converter (RC) has inherent constant
current characteristics when it is operated at the tuned resonant
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Fig. 1. Resonant dual active bridge.

frequency of the circuit. This makes the LCL RC useful for
capacitor and battery charging applications. In [28] and [37],
an RDAB with a tuned LCL network was proposed and it was
demonstrated that the magnitude of the bridge currents were
minimized when it was operated at the tuned frequency of the
LCL network. This improved the switch utilization in both full
bridges and also reduced the conduction losses of the high fre-
quency link (HFL). To increase the power density of this con-
verter, a resonant topology with a tuned CLLC structure was
proposed which decreased the number of magnetic components
required, decreased the required transformer magnetizing in-
ductance and still showed similar operating characteristics to
that of the LCL RDAB topology [38].

Modeling and closed-loop control of these bidirectional RCs
have not yet been addressed in the literature to the authors’
knowledge. The most commonly used modeling technique for
pulse-width modulated dc—dc converters that directly relates
the modulation signal to the output is the state-space averaging
method [39]. This method assumes a small ripple, however, RCs
switch at a similar frequency to the oscillatory frequency of the
state-space variables, and therefore, the small ripple presump-
tion does not hold. Various state-space modeling approaches
have been utilized to model similar converters [40], [41], how-
ever, the nonlinearity of the derived models make analysis of the
system and controller design difficult. To overcome this, a mod-
eling technique was proposed which converts the ac state vari-
ables to dc values with slow dynamics by using a synchronous
dq reference frame transformation [42]-[44]. This approach has
been shown to be useful for the modeling of RCs under large
signal variation and controller design.

The novel contributions of this paper are as follows; a linear
state-space model is derived for a phase-controlled RDAB with
a tuned CLLC network. This model is useful for fast simula-
tion, estimation of state variables under large signal variation,
and control design. Using the proposed model, a simplified de-
coupled control scheme was designed and implemented with
a single PI controller that allows for control of both the pri-
mary and secondary ac current amplitudes, while ensuring soft
switching of the switches.

Section II presents a brief overview of the CLLC RDAB and
it is followed up with a mathematical analysis of the converter in
Section III. The derivation of the proposed model is covered in

Section IV and a controller is designed using the developed
model in Section V. The controller was implemented on a digital
signal processor (DSP) to control the prototype converter, and
the experimental results are presented in Section VI.

II. BASIC OPERATION OF THE RDAB

The CLLC RDAB converter, as seen in Fig. 1, consists of
two full-bridge converters connected through a tuned resonant
network compromising of C, L1, Cs, and L. In this converter,
the coupled inductors have a relatively low coupling factor. This
results in high leakage inductances on both the primary and sec-
ondary sides of the HFL. The leakage inductances are necessary
to prevent high-frequency shoot-through between the capacitors
C7 and (. By using coupled inductors with a low coupling
factor, rather than a transformer and discrete inductors, only
one magnetic component needs to be designed and manufac-
tured which could decrease overall cost of the converter. The
two series resonant LC networks are tuned as shown in (1). The
capacitors C and Cy are chosen to resonate with the coupled
inductors L; and Lo, respectively, at the switching frequency
that the full bridges are operated at (wg,, )

s L1
sw*CQLZ 701[/1.

w

ey
The two full-bridge converters are operated at a fixed frequency
fsw and convert the dc voltages Vpc; and Vpeo to three-level
pulse-width modulated ac voltages, v; and vy. The two full-
bridge converters are controlled using a TPS modulation scheme
as demonstrated in Fig. 2. The switches of each leg are controlled
to have a duty cycle of 50% and the output of the first leg is
phase shifted from the output of the second leg by ¢; for the
primary bridge and ¢, for the secondary bridge. The output of
the secondary full-bridge v, is phase shifted from the output of
the primary full-bridge v1, to lead vy by 6.

The magnitude of the power transferred has been quantified in
aprevious paper by the author [45] as shown in (2). It was shown
that majority of the power was transferred at the fundamental
frequency of the tuned resonant network

8n _ . .
P = 7T27X1VDC1 Vbco sin(f) sin (91;1) sin <¢22> 2)
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Fig. 3. Equivalent circuit at fundamental frequency.
where X7 is
X = 2 (1— k)L 3)
1= — Wsw - 1
Wsw Cl

and k is the coupling coefficient between the inductors L; and
L. In (2), it is shown that the magnitude of power transferred
can be controlled using ¢1, ¢, and 6. To minimize the reactive
currents at the ac terminals of the full-bridge converters, 6 is
usually selected as +£90°, where +90° results in power flow
from the primary to the secondary side and —90° will cause
power to be transferred from the secondary to the primary side.
To control the magnitude of power transferred ¢; and ¢, are
controlled to be between 0 and 180°.

III. MATHEMATICAL MODEL

In order to simplify the mathematical analysis, the analysis
will be carried out at the fundamental frequency of the resonant
network f,,, and the converter is assumed to be at steady state.
Therefore, the converter can be simplified as shown in Fig. 3.
The output of the full-bridge converters have been simplified
into voltage sources, v; and vo, which are represented by the
Fourier series as follows:

v =W 4 i icos(awt)sin 1 4)
1= Vb1~ ) 1Ws 5

a1:1,3..

4 1
vy = Vpeo — Z — cos(agwst + az6) sin (a2¢2> . (5
g 112:1,3“ a2 2
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Fig. 4. Wye to delta transformation.
A"
V2
Fig. 5. Steady-state voltage and current phasors at fundamental frequency.

A. Analysis of Impedance Network

The simplified circuit model from Fig. 3 will be transformed
from wye to delta. This will allow us to show the relationship
between the currents, ¢; and 79, and the voltages v; and vs. The
transformed equivalent circuit is shown in Fig. 4. By applying
circuit equations to the delta network, one can obtain the follow-
ing relationships between the voltages, v; and vs, to the currents
41 and 79:

. 1 1 n

1 = (Zp + Zb) v — ZU2 (6)
. 1 1 n

19 = — <ZC + Za> TL2’02 —+ Zvl. (7)

Since the CLLC network is tuned to the switching frequency,
we can substitute (1) into the delta impedance equations and
simplify to obtain the following relationship:

Zc - _Za - _Zb - _jws’kaL (8)
Substituting (8) into (6)—(7)

. nuv

=2 9
" jwskal ( )
. nvy

=1 10
" jwskal ( )

This shows that at the switching frequency and in steady-state
11 1s decoupled from v; and i5 is decoupled from vs.

The relationships between the voltages and currents in (9)—
(10) are shown in Fig. 5 as a phasor diagram. The diagram
shows that vy is fixed to lead ¢; by 90° and 5 is fixed to lead
v1 by 90°. From this, we can see that when 6 is £90° the
voltage phasors are in phase with their respective current phasor.
This results in unity power factor at the ac terminals of both
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full-bridge converters, which minimizes the reactive currents in
the circuit and reduces both the switching and conduction losses
of the converter.

B. Modulation Strategy

From (2), it is evident that the magnitude of power transferred
through the RDAB can be modulated using three variables, ¢,
¢2, and 0. How these parameters are modulated is dependent
on the optimization goals of the converter. In this paper, the
optimization goal is first to minimize the switching losses of
the converter, so that operation at high frequency is possible,
and second to minimize the conduction losses in the HFL. The
switching losses are only significant when the converter is hard
switching, therefore, the modulation strategy will be selected so
that the converter will be soft switching over the whole power
transfer range. The conduction losses are mainly due to the res-
onant tank parasitics in the form of equivalent series resistance
(ESR). To minimize the conduction losses due to the ESRs, the
HFL currents should be minimized. To investigate the effects
that the modulation variables have on the current, (4) and (5)
have been substituted into (9) and (10)

) ndVpca . [ P2

= [0De gy (22 11
il Twsy kL1 St ( 2 an
) n4Vpc1 . (¢

_ _rrbel R 12
2] wswkLq sm( 2 (12

From (11) and (12), we can see that the magnitudes of the HFL
currents ¢; and ¢o are controlled by the phase shifts ¢; and ¢,.
So the chosen modulation strategy needs to decrease ¢ and ¢,
as the power transfer magnitude is lowered to keep the HFL
currents low. In [38] and [37], 6 was fixed at £90° so that unity
power factor is maintained at the outputs of the full bridges,
¢, and ¢o were used to control the magnitude of power trans-
fer. At maximum power transfer, the converter is zero-current
switching (ZCS) or near ZCS as shown in Fig. 6(a). However,
as the magnitude of power transfer is modulated down using
¢1 and ¢, some of the switches start hard switching as can
be seen in Fig. 6(b). In this paper, soft switching is prioritized
over the unity power factor operation so that the CLLC RDAB
topology can be utilized in higher switching frequency applica-
tions. In order to regain soft switching at lower power transfer
magnitudes, f will be deviated from +90° so that the previously
hard switching instances will now be soft switching under ZCS
conditions as shown in Fig. 6(c).

In Fig. 7, the relationships between the voltage and current
waveforms and the modulation parameters can be seen. From
Fig. 7(a), we can see that ¢, controls the pulse width of vy,
and therefore, the magnitude of the fundamental component of
v1, while 6 controls the phase difference between i1 and v;. In
Fig. 7(b), ¢ controls the pulse width of vy and 6 controls the
phase difference between 75 and vy. By analysis of Fig. 7, the
following relationship can be found for soft switching through
ZCS, rather than the hard switching that was seen earlier in
Fig. 6(b)

13)
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lation parameters (b) secondary full-bridge waveforms and modulation param-
eters.

To regain soft switching, § has be varied according to (13),
the further 6 is varied from +90°, the lower the power factor at
the output of the full bridges. This means that the soft switching
is gained at the expense of increasing the circulating currents in
the HFL. In Fig. 8, a comparison of the magnitudes of the HFL
currents between the previously used and proposed modulation
strategies is shown. This shows that as the power transfer mag-
nitude is decreased, the HFL currents in the proposed strategy
is slightly higher than that of the previously used strategy. A
similar relationship between the conduction losses of the two
modulation strategies is expected, however, the proposed mod-
ulation strategy is expected to incur lower switching losses due
to improved soft switching capabilities.
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For the remainder of this study, the modulation strategy which
modulates 6 along with ¢, and ¢ will be utilized to modulate the
currents in the HFL of the RDAB, and therefore, the magnitude
of power transfer. This modulation strategy has been selected
because it improves the soft switching range of the converter
while only slightly increasing the magnitude of the currents
in the HFL. The increased soft switching range is especially
important for high switching frequency applications where the
switching losses dominate the conduction losses.

IV. STATE-SPACE MODEL

A. HFL Model

The RDAB converter has two stages of conversion, an invert-
ing stage and a rectifying stage. This results in three subsystems,
a high-frequency ac subsystem and two dc subsystems. In this
section, a model will be derived for the HF ac link and the con-
trollability and interactions of the system will be analyzed. The
HF ac link has been simplified into the equivalent circuit seen
in Fig. 9.

The voltages v, and v, are the induced voltages due to the
mutual inductance of the transformer and they have been defined
below

diy
—M==
dt

diy

= M*

dt

(14)

’Up:

15)

Vs
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where M represents the mutual inductance between the trans-
former windings, L; and Lo, and is defined as

M = k+/Li Ls.

From Fig. 9, we can observe that the HF ac link has four state
variables; v.1, vq9, 11, and 29, and two inputs, v; and vy. The
system can be described by (17)—(20)

(16)

d'Ur‘l 1 .
= 17
dt c a1 (17
dvc? 1.
= — 18
7 o ) (18)
diq ay M Rii a1t MR, .
— = — a1V — — V2 — a1 Ryt — i
i 1Vel 2 2 1411 2 2
a M
+aivy — o V9 (19)
Lo
dig o QQM azMRl .
T I Vel — A2Vc2 I 1
) as M
— a1 Ryiy + ——v1 — agy (20)
Ly
where a; and a, are as follows:
1
a4 = —— 21
Ly — %
1
a2 = ——7 - (22)
Ly — ALfl

R, and R, represent the ESRs of the primary and secondary
transformer windings.

B. DQ Model

All of the states are periodic and can, therefore, be repre-
sented by a Fourier series. In [38], it has been shown that power
transfer mainly occurs at the fundamental frequency of the tuned
resonant circuit, and therefore, the modeling and analysis of the
ac subsystem will be done at the fundamental frequency or wg,, .
Since the state variables are assumed to be sinusoidal at the
fundamental frequency, the following equations can represent
the ac states:

U1 = Vg sin(wsyt) + v14 cos(wsy t) (23)
Vg = Ugg Sin(wsyt) + vog cOS(wsy t) (24)
Vel = Vet SIN(Wst) + Ve1q COS(wsiwt) (25)
Ve2 = Veaq SIN(wsyt) + Ve2g COS(Wiiy T) (26)
i1 = 14 Sin(wsyt) + 14 cOs(wWsyt) 27)
iy = t9g SiN(Wsyt) + dog cOS(Wewt). (28)

The amplitudes of the sinusoids are time varying Fourier coeffi-
cients. These Fourier coefficients will represent the new system
states and inputs to the model. The new system equations can
be found by substituting (23)—(28) into (17)—(20) and equating
the sines and cosines.
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The derived system equations can be represented in state-
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TABLE I
SIMULATION PARAMETERS

space form as follows:

T = Ax + Bu (29)
y=Cx+ Du 30)
. . . . T
T = [Uclq Veld  Ue2q Ve2d tig  tida 124 Z?dj| (31)
T
u = [Ulq Vig V2q V24 (32)
K —w 0 0
w 0 0 0
0 0 0 —w
0 0 w 0
A= . 0 _(11 M 0
ay L2
CL]M
0 — 0 —
ay L2
LIQM
— Ll 0 —Qay 0
as M
0 - ZLI 0 —ay
! 0 0 o |
Cy
0 ! 0 0
Cy
0 0 L 0
Cy
1
0 0 0 —
Cy
at MR
—ay * Ry —w - ILZ 2
alMRQ
—aR 0 a2
w ay fvy L,
as MR
— 2L1 ! 0 —(lzRZ —Ww
asMR
0 —2L711 w _a2R2 |
(33)
i as M 17
0000 a 0 QLZ 0
M
0000 0 a 0 =
L,
b= M
a
00 0 0 — 1LQ 0 —a, 0
a M
000 0 0 - 1L2 0 —ax |
(34)

Parameter Value Parameter Value
Vper = Vbez 20V fsw 50 kHz
Cy =0,y 200 nF Ly =1L, 50.3 nH
Ry = Ry 0.04 Q k 0.65
3
<
2
=
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=}
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Fig. 10.  Step response of circuit simulation and state-space model.

The C' and D matrices have been selected so that the outputs
are the current components of interest as shown in (35)

y =iz dzq 14 ilq]T (35)

C. Model Validation by Simulation

A circuit simulation of the CLLC RDAB was built in MAT-
LAB using the PLECS toolset with the parameters shown in
Table 1. In Fig. 10, ¢; and ¢, are stepped up from 27/3 to
m at t = 20 ms, this corresponds to the equivalent step in the
dq model of v4 and vy, from %VDCl and %VDCQ to iTVDCl
and %VDCQ, respectively. The response from the DQ model is
shown in black and the response of the circuit simulation is
shown in blue. The output of the DQ model represents the fun-
damental Fourier coefficients and, therefore, indicate the current
amplitude. The circuit simulation, however, calculates the whole
current waveform. This figure shows that the dq model closely
predicts the transient response of the circuit model.

To compare the steady-state response of the circuit simulation

with that of the derived DQ model, the power transfer equation
from (2) has been redefined as follows:
P = 8_nVDC1VDC2 X Modulation Factor. (36)
m 2 X 1

where the modulation factor is

Modulation Factor = sin(6) sin ( %) sin (%) N EY))
The modulation factor represents the magnitude of power trans-
fer and will be used in the comparison of the steady-state cur-
rent magnitudes of the circuit simulation and the DQ model. The



MALAN et al.: MODELING AND CONTROL OF A RESONANT DUAL ACTIVE BRIDGE WITH A TUNED CLLC NETWORK

3 T T T T T T T T T
- 4
<, ]
5
§ 1r —6—|i, | Simulation |
U 1
—— i, | Model
O 1 1 1 1 1 1 1 1 1
0 01 02 03 04 05 06 07 08 09 1
2 T T T T T T T T T
<15}
5 1}
g —e—i Simulation
U 0'5 .Inns .
—— 1 s Model

04 05 06 07 08 09 1
Modulation Factor

(@)
3 T T T T T T T T T
<2t
5 1r —o— |i,| Simulation |1
© —— i, Model
0 1 1 1 1 1 1 1 1 1
0O 01 02 03 04 05 06 07 08 09 1
2 T T T T T T T T T
<15
5oLt
EOS i —e—iz‘_"1s Simulation |
[OR +i2ms Model
0 L L L L L L L L L
0O 01 02 03 04 05 06 07 08 09 1
Modulation Factor
(b)

Fig. 11. Comparison of the steady-state current magnitude between the circuit
simulation and state-space model for the (a) primary current and (b) secondary
current.

results of this comparison can be seen in Fig. 11(a) and (b). From
these figures, it’s evident that the current magnitudes predicted
by the DQ model have some steady-state error, most consider-
ably when the modulation factor is low. This is due to the har-
monics present in the circuit simulation which are not accounted
for by the fundamental DQ model. However, we can see from
these figures that even though the current magnitudes or peaks
are distorted, the root mean square (RMS) values of the current
waveforms match closely. This indicates that even though the
current waveform magnitudes are distorted by the harmonics,
the magnitude of power transfer which occurs mainly at the
fundamental frequency is still well modeled by the DQ model.

V. CONTROL DESIGN
A. Relative-Gain-Array (RGA) Analysis

The RGA is a useful tool to analyze the degree of interac-
tion in a multiple-input-multiple-output (MIMO) system. It was
originally defined by Bristol [46] as shown below

RGA(G)) = A(G) £ G x (G HT. (38)
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Fig. 12.  RGA values of dominant input—output pairs.

If u; and y; denote a particular input—output pair of a MIMO
system, then the relative gain A;; between the input j and output
iis defined as

(6Yi /0 )uy =0, k4]

)\, =
(8yi /0u; )y, =0 ki

i

(39)

where (0y; /0u;j)u, 0.k, represents the gain between input
j and output i when all the other loops are open and
(0yi/du;)y, —0,ki represents the gain when all the other loops
are closed. The elements of the RGA provide information on
the interaction between a particular input and output of the sys-
tem. A large value indicates strong interaction and a low value
represents weak interaction. Since the gain of the system (G) is
frequency dependent, the RGA has been calculated over a large
range of frequencies and the results have been plotted in Fig. 12.
Since we are using the dq model which models the ac states as
the dc values with slow dynamics, the operating frequency we
are interested in is dc. The RGA at this operating point is as
follows:

0.9993 0.0002 0 0.0004

0.0002 0.9993 0.0004 0
IAO)] = SN C)
0 0.004 0.9993 0.0002

0.0004 0 0.0002 0.9993

It can be seen that at this operating point there is strong
interaction between; u; and y;, us and yo, ug and ys, and
between u, and y,. The RGA values for the other input—output
pairs indicate very little to no interaction at this frequency. This
shows that the system is diagonally dominant and, therefore, a
decoupled control scheme could be employed.



7304

5

()

=

<

>

ks

=}

on

§=

n

— 0
E 50

=

=]
Z

=
3
=
=]
g
o 0 ‘ ‘
0 5 10 15
Frequency (kHz)
Fig. 13.  SVD and the condition number of the system.

B. Singular Value Analysis

The eigenvalues of a transfer function matrix (G) in a MIMO
system does not provide any meaningful information, unlike
for a single-input single-output system (SISO) system. One of
the most useful parameters to analyze for a MIMO system is
the singular values [47]. The singular values are the positive
square roots of the eigenvalues of G G, where G is the com-
plex conjugate transpose of G

o:(G) = /7 (GHG).

The singular values of the system are functions of frequency. To
analyze the performance of the system, the condition number
will be used. The condition number is defined as

V(G) =

(41)

Q| Qi

(42)

where & is the maximum singular value and o is the minimum
singular value. The maximum and minimum singular values
have been plotted in Fig. 13 as well as the condition number
over a wide range of frequencies. The condition number has
been calculated below for the operating point of the converter
and has been identified as 1.003.

As the condition number is low, this indicates that the multi-
variable effects of uncertainty are not likely to be serious [47].

C. Decentralized Control Scheme

The focus of this paper is to control the amplitudes of the
currents in the resonant tank, ¢; and iy, while ensuring soft
switching of the switches by modulating 6. As mentioned in an
earlier section, § will be varied so that the soft switching range
of the converter can be improved, while ¢, and ¢, are varied to
control the magnitudes of the currents ¢, and ¢5. This results in
a system with three degrees of freedom namely ¢1, ¢, and 6.
The magnitude of the input variables vy 4, v14, V24, V24 have the
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Open-loop poles of the transfer function from input v;,4 to output

relationships to ¢1, ¢2, Vpci, and Vpea shown in (43)—(47). vy,
is zero because v14 was selected to be the reference for our dq
frame

4

Vg = *VDC1 sin (d)l) (43)
™ 2

vy =0 44)
4 e .

Vog = ;VDCQ sin (21) sin(6) (45)
4

Vog = ;VDCQ sin ((21) cos(6) ford >0 (46)

= ;4VDC2 sin (Qﬁ;) cos(0) for 6 < 0. 47
T

Since our system is very strongly diagonally dominant, we
can assume that every input will affect only its corresponding
diagonal output. Since vy, is zero due to the selection of vy, as
our reference frame and iy, is solely affected by v;,, we can
assume that 704 will also be zero. Therefore, the magnitude of
71 and 79 can be derived as follows:

i9g =0 (48)
lia| = \/i54 + 13,

=iy, (49)
lir] = \/i3, + 43, (50)

Since a decentralized control scheme will be employed, an inde-
pendent design approach can be taken to design the controllers
for i14, 114, and i9,. This allows independent design of the con-
trol loops using the diagonal elements of G(s). To design the
first PI controller, the transfer function from input v, 4 to output
124 will be used. The transfer function of this loop, for a con-
verter with the parameters shown in Table I, was calculated in
MATLAB and the poles have been plotted in Fig. 14. Since all
the poles are on the left side of the imaginary axis, we know that
this loop is stable.

A bode plot of this transfer function can be seen in Fig. 15.
From this bode plot, we can see that the system is stable at lower
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Fig. 16.

Control of ac subsystem.

frequencies, but that instability may occur close to the resonant
peaks.

From [48], we know that it is possible to use integral control in
all of the channels of the decentralized MIMO system to achieve
perfect steady-state control if and only if G(0) is nonsingular

det(G(0)) = 0.0006. 1)

The nonzero determinant (51) confirms that the G(0) matrix
is nonsingular, and therefore, PI control would be suitable in all
of the channels. A diagram showing the proposed closed-loop
control scheme can be seen in Fig. 16.

For a converter with the parameters shown in Table I, a PI
controller was designed for the loop from input vy, to output
19, using the previously found open-loop transfer function and
MATLAB’s PIDtool. The controller was designed to have no
overshoot, a rise time of 4 ms and a settling time of 7 ms. The
resulting controller has the following parameters:

k, = 0.0006
ki = 5000.

(52)
(53)

The PI controllers for the other loops were designed using
the same methodology and had the same parameters as those

for the first controller due to the symmetrical nature of the CLLC
network. The overall controller parameters are shown below

Ki 0 0 0

0 Ky, 0 0
(54)
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where

k,
Ks=Ky=-K =-K,=k, + ;‘ (55)

D. Closed-Loop Stability

To analyze the stability of the closed-loop system with decou-
pled controllers, we first have to determine that the individual
loops are stable. In order to determine the stability of the in-
dividual loops, traditional SISO analysis tools will be used. In
Fig. 17, the poles of the closed loop have been plotted. All
the poles are on the left-hand side of the imaginary axis, and
therefore, we can conclude that this loop is stable.

The bode plot of the closed loop from input v 4 to output 7y,
can be seen in Fig. 18. From this figure, we can observe that
the gain margin has been improved to co and the gain margin is
180° within the frequency range of interest. This indicates that
the response of this loop has been improved by the designed
controlled.

A similar methodology was used to analyze the other loops
of interest. Once the individual loops have been shown to be
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stable, the overall closed-loop system has to be analyzed to
ensure that the interactions between the individual closed loops
do not cause instability. Using Gershgorin’s theorem, we may
derive sufficient conditions of overall stability in terms of rows
of G

It =< |gzz|/z lgi;| Vi, Yw
J#i

(56)

where ¢; are the diagonal elements of the complementary sensi-
tivity function 7'. The sensitivity and complementary sensitivity
functions are defined in

S&(I+GK)! (57)
T=I-8 (58)
where G for a diagonally dominant system is defined as

gu 0 0 0

~ 0 g2 O 0
G 2 diag{g;;} = (59)

0o . 0

0 0 0 gum

For the system with the parameters shown in Table I and the
controllers (52)—(55), at the frequencies of interest, the criteria
of Gershgorin’s theorem was met and the closed-loop system is
therefore overall stable.

E. Simplified Controller

The controller shown in Fig. 16 requires the measurement
of at least three output variables and the implementation of at
least three PI controllers. The resulting controller is computa-
tionally intensive and measuring all the output variables at high
frequencies can be challenging. This could lead to an increase
in cost of the overall converter. To address this, the controller
previously designed will be simplified so that only a single PI
controller is necessary and only a single output variable needs
to be measured.

In the previous section, it was shown that all the loops are
stable whether they are open or closed. This means that even
if we do not know the current value of the output variables
they will eventually reach steady state if the input reference
is steady. Using this knowledge, we can analyze the steady-
state relationships between the inputs, u, of the system and
the outputs, y, of the system and apply these relationships to
our previous controller. At steady state, we have the following
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TABLE II
PROTOTYPE PARAMETERS

Parameter Value Parameter Value
Vber = Vpez 20V fsw 50 kHz
DSP Controller ~ F28027 Piccolo Switches epc2016 eGaN FETs
(ef 198 nF Ly 50.3 uH
Cy 199 nF Loy 50.5 uH
Ry =Ry 0.04 k 0.65
Controller 7'y 20 s
G
.
Full Bridges
f Resonant
Control ! Network

Isolation

1 I~ .

Fig. 20. Experimental prototype.

relationships:
2 = 12max sin(%) (60)
i9q =0 (61)
i1d = i1max sin(%) sin(6) (62)
i1 = T1max sin(%) cos(0). (63)

For the proposed modulation strategy, the relationship from
(13) has to be true. Substituting this into (60)—(63)

. Z.lmax .2

g = 51, (64)
2max
i ing \°

. 1max . 2q

Zlq = - qu 1— <—> . (65)
%2max 22max

And similarly v; can be related to vy

Ulmax 9

Vgg = —— V4 (66)
U2 max
U1 max V1d

Vog = vigq /1 —( )% (67)
V2max U1 max

By applying these relationships to the previous controller, a
new simplified controller can be derived. The simplified con-
troller can be seen in Fig. 19. This controller only requires the
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measurement of iy, which is the same as the amplitude of o, 40 4
this measurement can easily be realized through the use of an z 20t Lo 2
inexpensive current transformer (CT). Additionally, only one PI ;;“ 0 [ \ 0
controller is implemented with the gain K3, the inputs for the £ 20 S——
other loops are derived from (66,67). Because this controller 40— . . . . . . gy
relies on steady-state relationships, the dynamics controlling 1925 193 1935 194 1945 195 1955 1.9
the reference should be orders slower than the dynamics of the 40 4
closed-loop system. % 20¢ /’“’\ 2
Before the derived controller can be implemented on a DSP, g0 0
the controller will have to be discretized. Since the TPS mod- = 20 — 2
ulation scheme is being used, we can only update the phase 40— : . . . . . 4
shifts once during every cycle of the fundamental. Therefore, 1925 193 1955 l'Tgl-fne 1(,,91:)5 195 1955 196
the controller was converted to the discrete domain with a sam- (a)
pling time of 20 us. A zero-order-hold was used to emulate the 40 ‘ 4
discrete behavior of the controller. The resulting controller was = 20f 12
evaluated in MATLAB to ensure that the input to the discrete 2 0 10
controller is not significantly impacted by aliasing, the dynamic 2 20 12
response of the discrete controller is close to that of the contin- 40— : : : : : : 4
1925 193 1935 194 1945 195 1955 1.96

uous domain controller and that it is stable in the z-domain.

VI. RESULTS

An experimental prototype of the CLLC RDAB, for the pur-
pose of control validation, was built with the parameters shown
in Table II. The prototype can be seen in Fig. 20. The two full-
bridge converters utilize eGaN field-effect transistor (FET) and
their outputs are connected through a resonant CLLC network.
The current 79 is measured by the controller through the use of
a CT. The controller was implemented on a low cost F28027
Piccolo microcontroller.

The control diagram is shown in Fig. 21. The output of the
PI controller is the desired value of v;4, which is the required
amplitude of the fundamental of v;. This amplitude is then
used to determine the necessary phase shifts, ¢; and ¢, so
that the fundamental voltages at the outputs of the full bridges
have the required magnitudes. 6 is also derived from vy, so that
the converter remains within the soft switching range.

In Fig. 22(a)—(c), the current and voltage waveforms at the ac
terminals of the primary and secondary full bridge with varying
phase shifts are shown. In Fig. 22(a), both full bridges are oper-
ated at the maximum phase shift, which results in the maximum
current magnitudes for both ¢; and i5. In Fig. 22(b), the phase

Fig. 22.
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Voltage and current waveforms with (a) ¢1 = ¢ = 20 = 180°
(b) ¢1 = ¢ = 20 = 120° (c) $1 = ¢ = 20 = 60°.
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shifts between the full-bridge legs are set to 120°, which results
in the canceling of the third harmonic. In this figure, the cur-
rents at the terminals of both full bridges are closely sinusoidal.
In Fig. 22(c), the converter is operated at a third of the maxi-
mum phase shift, it is apparent that there are increased levels of
harmonics present in the currents. From Fig. 22(a)—(c), we can
observe that all the switches in the primary full bridge are soft
switching with ZVS turn-on transitions, since the current 7; is
negative on the rising edges of v; and is positive on the falling
edges. Likewise, the soft switching in the secondary full bridge
is observed by the positive current 7, at the rising edges of v
and the negative current on the falling edges of vs.

Figs. 23 and 24 show the current and voltage envelopes of i1
and i when a step is applied to the reference in the prototype
compared to the predicted response by the model. The proto-
type waveforms are sinusoidal at the fundamental frequency
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with some harmonic content and the model shows the predicted
envelope of the currents. Since there are harmonics present in
the current waveforms, the waveform amplitude is not an accu-
rate measure of the magnitude of the fundamental component.
To overcome this, the current waveform RMS was measured
instead and the magnitude of the fundamental component was
derived as shown in

|i2 | = \/5 12 rms measured- (68)

In the first figure, the reference of 75 is set to 1 A and the startup
waveform can be seen. It can be seen that there is a steady-state
error between the current waveform amplitudes and that which
is predicted by the model. This is expected as the harmonics in
the current, which are not considered by the model, will impact
the waveform amplitudes. However, as shown at the bottom of
Fig. 23, the RMS of the current amplitude closely matches the
response predicted by the model.

In Fig. 24, the reference for ¢, is initially set to 1 A and then at
t = 8 ms, the reference is stepped up to 2 A. As in the previous
figure, we can see that the current RMS predicted by the model
closely matches that of the measured current waveform. Both
the startup and step response have a rise time of 4 ms and a settle
time of 7 ms which agrees with the controller that was designed
earlier. It can also be seen that there are no large transients when
the reference is modified, and therefore, the transformer can be
designed with closer constraints on the saturation current, which
could decrease the overall size and cost of the transformer while,
without sacrificing the dynamic response of the converter.

The converter efficiency over the modulation range has been
plotted in Fig. 25. This figure shows that the converter has a high
efficiency over the modulation range even though the converter
has not been optimized for efficiency.

VII. CONCLUSION

This paper proposed a model for an RDAB converter with
a tuned CLLC network. Mathematical analysis of the RDAB
converter indicated that the inputs and outputs of the MIMO
system may be decoupled. The degree of coupling in the system
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was further investigated by use of RGA and singular-value-
decomposition (SVD) analysis which indicated that decentral-
ized control may be suitable for the control of the CLLC RDAB
converter. A dq framework was used to convert all the ac state
variables into dc states with slow dynamics which are easier to
control. Using the derived model, a decoupled control scheme
with three PI controllers was designed to control the resonant
tank currents, 7; and 72, and therefore, the magnitude of power
transfer, while controlling the angle between the full bridges to
improve the soft switching range of the converter. The controller
was simplified into a single PI controller that only requires the
measurement of one output variable by using steady-state re-
lationships. The simplified PI controller was implemented in
a prototype converter and it was demonstrated to be sufficient
for good closed-loop dynamic response and steady-state per-
formance. Simulation and experimental results have shown that
the proposed model is useful for fast simulation, estimation of
state variables under large signal variation and for closed-loop
control design.
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