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Model-Based Dynamic Control of
Two-Degree-of-Freedom Modulation
for Dual Active Half-Bridge Converter

Gun-Su Kim", Student Member, IEEE, Su-Bin Kang

and Jehyuk Won

Abstract—This article proposes a model-based dynamic con-
trol for dual active half-bridge converters to satisfy both a loss-
minimizing operation and a high-dynamic response. First, the
loss-minimizing operation is analyzed based on a two-degree-of-
freedom (2-DOF) modulation scheme, where control variables con-
sist of a phase shift and a duty ratio. The modulation scheme is
optimized to minimize the transformer root-mean-square current
or to achieve a zero-voltage-switching condition under varying
conditions. Moreover, the output voltage control should be de-
signed to provide fast dynamic performance under source and
load variations. Therefore, the voltage controller is unified with
the modulation schemes, where a model-based control is adopted
to improve the dynamics of 2-DOF modulation. A model-based
calculation part reduces the burden of an error compensation part
with a load current feedforward. Finally, the effectiveness of the
proposed method is verified by the experimental results.

Index Terms—Dual active half-bridge converter (DAHB), min-
imum root-mean-square (RMS) current, model-based control,
zero-voltage switching (ZVS).

I. INTRODUCTION

dual active bridge (DAB) dc—dc converter has been widely
A adopted in several applications owing to its advantages
such as zero-voltage switching, bidirectional power flow capa-
bility, and convenience of cascading and paralleling [1], [2],
[3]. The DAB converter with a half-bridge structure can reduce
the number of power MOSFETs and their driving circuits by
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using split dc capacitors on both sides compared to that with a
full-bridge structure. Moreover, the spilt dc capacitors eliminate
the dc component of the transformer magnetizing current in the
steady state without additional control techniques. Therefore, it
is preferred in a low-power system (below 750 W) because the
cost, volume, and weight of the converter can be minimized [4],
(51, [61, [7].

In the dual active half-bridge (DAHB) converter, the phase
can be shifted from —90° to 4-90° to change the power transfer
between the primary and secondary sides. For the maximum
power transfer, the duty ratio is fixed at 0.5 and the phase shift is
controlled to regulate the output voltage. It has been called the
single phase shift, which is equivalent to one-degree-of-freedom
(1-DOF) modulation. The 1-DOF modulation is widely uti-
lized due to its simplicity. Moreover, the zero-voltage-switching
(ZVS) condition can be achieved when a voltage conversion
ratio is unity. However, the soft-switching range is limited as the
voltage conversion ratio deviates further from unity, especially
under light-load conditions. The circulating current through the
switches and the transformer cannot be minimized under 1-DOF
modulation, resulting in a significant reactive power flow [8], [9].

To improve the system’s efficiency under different operating
conditions, not only the phase shift but also the duty ratio
can be controlled. This is called the asymmetric duty control,
also known as two-degree-of-freedom (2-DOF) modulation [5],
[9], [10], [11], [12], [13]. The 2-DOF modulation can improve
the system efficiency by minimizing the circulating current
or extending the ZVS region in the light-load conditions for
the DAHB converter. The closed-loop control was proposed to
minimize the peak current flowing through the inductor, where
the peak current can be easily calculated in real time [10]. Sim-
ilarly, 2-DOF modulation has been presented to minimize the
root-mean-square (RMS) current flowing through the inductor
[11], [12]. These schemes are optimized to decrease conduction
loss, where the RMS current of the circulating loop should be
minimized. Furthermore, 2-DOF modulation has been utilized to
satisfy the ZVS conditions under a nonunity voltage conversion
ratio [5], [9], [13]. These schemes guarantee the ZVS of all
switching devices despite the higher RMS current, which is
adopted to minimize the switching loss.

A three-degree-of-freedom (3-DOF) modulation has also
been proposed, where the duty ratios of the two half-bridges can
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TABLE I
COMPARISON OF THE PROPOSED METHOD WITH EXISTING METHODS

References Control degrees Number of Controller Minimum RMS Dynamic performance
of freedom Sensors implementation operation with ZVS of output voltage

[4] 2 2 Two PI controllers Limited Slow

5] 2 5 Two PI 'controllers with Satisfied Slow
calculations

6] 3 5 Three P'I controllers with Satisfied Slow
calculations

[7] 3 2 Three PI controllers Limited Slow

Proposed method 2 3 Model-based control with Satisfied Fast

PI compensator

be controlled in different ways. These modulations can further
minimize the converter loss by calculating the peak current [14]
or the minimum RMS current solution [6], [15] for a given power
at the light-load conditions. However, the 3-DOF modulation
increases the complexity of the control, which requires offline
calculations to simplify operation or the closed-loop control to
adjust three control variables simultaneously. Thus, the 2-DOF
modulation has advantages over the 3-DOF modulation in terms
of computational complexity and control dynamics.

The transient responses to load current or input voltage vari-
ations should be discussed to improve the control dynamics.
The 2-DOF or 3-DOF modulations are mostly implemented us-
ing multiple proportional-integral (PI) controllers with different
bandwidths, where the duty ratio is controlled by an inner slow
control loop after the phase shift is adjusted [5], [6], [11]. These
control schemes are easy to implement and suppress interference
between the control loops with different dynamics. However,
the transient responses such as source and load changes would
be degraded due to the slow control dynamics. Moreover, the
duty ratio should be set to 0.5 to transfer the required power
above a certain power level, which requires the 1-DOF modu-
lation. However, the transitions between the 1-DOF and 2-DOF
modulation schemes were not considered. The dynamics of the
DAHB converter should be analyzed not only to increase the
control bandwidth but also to provide a smooth transition. The
features of the above algorithms on the DAHB converter can be
summarized in Table I. From Table I, it is easy to observe that
the proposed scheme can achieve the best dynamic performance
among these five schemes, and the proposed scheme can also
minimize the RMS current while achieving ZVS conditions or
not.

Generally, the PI controller is adopted to regulate the output
voltage where a load current feedforward (LCFF) could be added
to improve the transient response [16]. However, it is difficult to
achieve linear dynamic characteristics using this conventional
method because of the nonlinear relationship between the phase
shift and the power transfer. A look-up table (LUT) solution
can be applied to overcome these constraints [17]. However,
the LUT methods require an accurate interpolation algorithm
to minimize an approximation error. Recently, a model-based
control has been applied to the DAB converter to improve the
control dynamics. It has been modeled based on the power
transfer equation, where the effects of the input voltage, output
voltage, and load current are fully considered [18], [19], [20].
Similarly, the model-based voltage controller can be designed

with a feedforward loop for the DAHB converter. However, none
of these schemes can simultaneously improve system efficiency
and provide excellent dynamic control of DAHB converters.
Therefore, the voltage controller should be integrated with the
modulation schemes to enhance both efficiency and dynamic
performance.

In this article, the 2-DOF modulation scheme is analyzed to
minimize the transformer RMS current and to satisfy the ZVS
conditions. A power transfer equation is derived as a function
of the phase shift and duty ratio to improve the efficiency of
the DAHB converter. These modulation schemes are unified
with the model-based voltage controller, which consists of an
error compensation part and a model-based calculation part. The
model-based calculation derives 2-DOF modulation references,
i.e., the phase shift and the duty ratio, where the minimum
current operation is solved by analytical methods in real time.
Furthermore, the error compensation is implemented by the PI
controller with LCFF, where the PI controller minimizes the
steady-state error and the LCFF improves the control dynamics.
The proposed controller improves both the system efficiency
under steady-state conditions and the dynamic response under
transient conditions, especially in the input voltage fluctuation
and load disturbance conditions. The validity of the proposed
controller is verified by experimental results.

The contents of this research, previously presented in [21],
have been largely revised for better understanding. The proposed
method can minimize not only the conduction loss but also the
switching loss where ZVS criteria are considered. The gain
setting process and loss distributions are discussed to achieve
faster dynamics and higher efficiency of the DAHB converter
under varying constraints. Moreover, extensive experimental
results are included to clarify the effectiveness of the proposed
scheme.

II. OPERATING PRINCIPLE OF DAHB CONVERTER

Fig. 1 shows a circuit schematic of the DAHB converter. The
input voltage dc port V;,, is interfaced with the output voltage
dc port V,,,,+, where S7 and S5 are the primary-side half-bridges
and S5 and S, are the secondary-side half-bridges. The primary-
and secondary-side transformer voltages are represented by v,
and v4, respectively, which are referred to as input ports. In this
article, the magnetizing inductance is assumed to be greater than
the leakage inductance, i.e., L,,, >> L;;, where the magnetizing
current can be neglected [22]. L;;, denotes the primary-referred
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Fig. 1. Topology of the dual active half-bridge converter.
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Fig. 2. Typical operating waveforms of 2-DOF modulation. (a) Case A: 0 <
Dy <D.(b)Case B: D < D.

TABLE II
AVERAGE HALF-BRIDGE CAPACITOR VOLTAGE

Voltage Expression Voltage Expression
Vi DV, V3 DVou
V2 (1-D)Vin V4 (1-DYVour

leakage inductance of the transformer, and n represents the turn
ratio.

Fig. 2 shows the typical operating waveforms of gate signals,
transformer voltages, and currents, where 2-DOF modulation is
applied. The duty ratio for the low-side switches is defined as
D and the phase shift is defined as DyTy,,, where Ty, is the
switching time, i.e., 1/ fs,,. In this case, the split dc capacitors
C1-CYy, are large enough to keep the dc voltages approximately
constant over a switching cycle. The split dc capacitor voltages
from v1 to vy are determined by the flux-second balance of
the leakage inductance of the transformer L;;. The results are
summarized in Table II, where the duty ratio can result in
different split voltages. The primary-side current of transformer
1, is approximated as a piecewise linear function according to
the switching patterns.

The power flow is symmetrical about D = 0.5 for the same
Dy due to the symmetric structure of the DAHB converter.
The DAHB converter can achieve maximum efficiency at a
duty ratio of 0.5 or less [12]. Thus, this article is focused on
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analyzing two cases as shown in Fig. 2(a) and (b) for the forward
operation,i.e., Dy > 0.Fig.2(a) shows the waveformsincase A
(0 < Dy < D) for minimizing the transformer RMS current,
i.e., Ip(rms), Which can reduce the conduction loss. Fig. 2(b)
shows the waveforms in case B (D < D) for achieving the
ZVS condition of S3 turn-ON, i.e., i,,(t2) < 0, which minimizes
the switching loss. Likewise, the operating waveform can be an-
alyzed inthe two casesas0 < |Dy| < DorD < |Dy|forthe
reverse operation, where Dy < 0. The instantaneous currents
in case A from ¢, to t3, i.e., from i, (to) to i, (t3), can be derived
by the steady-state assumption, as follows:

ip(to) = %‘l“:[%n(—D + D?) 4+ nV,u(D — 2DDy — D?)]
ip(t) = 2Tle [Vin(-2Dy+2DDy+ D — D?)+nVpyi (=D + D?)]
z'p(tz):%m (~D+D?)+nVpui(D—2Dg—D?*+2DDy)]
ip(ts) = %[mn(zpm — D + D?) +nV,.:(D — D?)).

ey

Likewise, the instantaneous currents in case B are calculated
as follows:

_Tsw

ip(to) = 57 ((Vin(=D + D*) + nVou (~2DD + D — D?)
Tsw

ip(ty) = T [Vin(=D + D?) + nV,(2DDy — D — D?)]
Tsw

ip(ta) = m[vm(fp +2DDy — D?) 4+ nVpu(—D + D?)]
T w

ip(t3) = ——[Vin(=D 4 2DDyg + D?) 4+ nV,u (D — D?)].

2Ly,
)

For the 2-DOF modulation control, the transferred power P
can be calculated using the following equation:

_ [CDy2D(1 — D) —|Dyl|], (Dy < D)
P(D’D¢)_{OD§(1—2|D¢|), ’ (D§¢D¢£1—D)

3)
where P > 0 means that the power is transferred from the input
port to the output port and C' = %‘}fm

By contrast, P < 0 represents that the power is transferred
from the output port to the input port, i.e., the regenerative oper-
ation. In addition, the RMS current of the primary-side I, p,s),
which can be derived as the function of D and Dy from the
current waveform as shown in Fig. 2 [5], is defined as follows: (4)
shown at the bottom of the next page where M = (nVyy,:)/Vin
indicates the voltage conversion ratio, k = V2 /(12L% f2,),
a=(1—M)*andb=4M.
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III. 2-DOF MODULATION WITHOUT ZVS OPERATION

A. Formulation of Minimum Current Operation

The 2-DOF modulation can be applied to minimize the trans-
former RMS current, which suppresses the high circulating cur-
rent in the circuit, i.e., conduction loss reduction of the switches
and the transformer. Therefore, the minimum current operation
of the DAHB converter in Fig. 2(a) is stated as the optimization
problem expressed in the following equation:

minimize Iz(rms) (Dref, Dg ref)

Gv(Dyes, Dpref) = Gy rey- ®)

It can be used to derive the phase shift reference Dy ;.. and
the duty ratio reference D,.. .

The virtual conductance G'y is a conceptual variable defined
as the ratio of the output current to the input voltage without
consideration of power loss, which is derived from the power
equation in (3) to simplify the calculation process as follows:

P(D,Dy) _ 2Ly fsw P(D,Dy)
C nV; Vout
= Dy[2D(1 = D) — |Dy|] (6)

subject to

Gv(D,Dy) =

Likewise, the virtual conductance reference G'y,. s is defined
as a function of the output current reference over the input
voltage I, / Vi, where the effects of the output voltage V,,,
are removed.

o Pref o 2lefsw Pref o 2lefsw Iref
e ST T W Ve Ve

Equation (5) can be solved by the Lagrange multiplier method,

where p is a Lagrange multiplier and a Lagrangian function is
defined as

»C(Drefy D¢,T€f7 M) = z(rms) (DT€f7 Dcf),ref)
+ M[GV,Tef -Gy (D7'ef7 D¢7T€f)]' (3)

In this case, the maximum duty ratio is 0.5 and the phase shift
Dy is limited to be within [—0.25 to 0.25] to minimize the RMS
current under the same power.

It is formulated as a pair of equations with two unknowns
Dyeyand Dy cr as follows:
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B. Calculation of 2-DOF Modulation References

The solutions are divided into the case of 1-DOF modulation
(Dg rer) and the case of 2-DOF modulation (Dg e, Dyeys)
according to the absolute magnitude of the current reference,
|Z-¢¢|. The modulation scheme can be determined by comparing
the virtual conductance reference G'v,..; with the conductance
criterion Gy ¢.. Gy represents the modulation criterion be-
tween 1-DOF and 2-DOF controls, where D,.. is set to 0.5 for
both cases. It can be solved by substituting D,..; with 0.5 in (9)
and (10) under the condition of Dy ..y > 0 [5]. Consequently,
Gy,cr is derived as follows:

Gv,er = D¢7cr(0.5 — D¢7CT). (11)
1
Dy cr = —a+1/a2—|—§a. (12)

When |Gy es| exceeds Gvy,er, Dyey is fixed at 0.5 to
maximize the transfer power, and Dy . is adjusted to satisfy
the constraint in (9), i.e., the region of 1-DOF control. For the
1-DOF control, Dy .y can be calculated using the quadratic
formula as follows:

1—+/1—-16|Gv ref]

4

D¢,Tef = Sign(GV,ref) (13)

Dyes = 0.5. (14)

When |Gy, cf| is less than Gy, the 2-DOF control can be
implemented by solving the simultaneous equations in (9) and
(10) as follows:

Dyres® + (D ref |Dgrefl = Gurer) = 0. (15)
1
Dyef? — Dyes + %Dqﬁﬂ.eﬁ 4+ |Dgref| =0.  (16)

Equation (15) is a cubic equation of Dy ..y derived by substi-
tuting (9) into (10), where D, is removed. Equation (16) is
derived from (10).

The cubic equation, i.e., the third-order polynomial equation,
can be solved using either analytical or numerical approaches.
The analytical method known as Cardano’s formula is applied
to solve the cubic equation, which can be digitally implemented
in a microcontroller. The desired solution, i.e., the real root of

Gviref = Dy ref [2Dref(1 — Dreg) — |Dgrefl] - (9)  the cubic equation, is obtained using the following equation:
1 a . 1
Dyef(1 = Dyeg) = %D¢,7‘ef2 + [Dg res| where o = 3 Dy rer = sign (Gv,ref) - (_§)
(10)
3 3
Equation (9) represents the virtual conductance equation derived [a + \/O‘(ﬁ +VB2—at+ \/O‘(ﬁ - VB -t
from the constraint condition in (5). Equation (10) represents the a7
minimum current operation in the steady state, where the current
output matches the current reference. where 3 = a? — 13.5|Gv e f|.
2
[p(rms) (D’ D¢)
_ {k[aD2<1—D)2+bD;(3D(1—D) ~[Dg])], (Dy < D) @

k[aD?(1 — D)? + bD?(3D4(1 — Dy) — |D|)], (D < Dy <1— D).
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TABLE IV
I'POF . Z'D‘OF . I'DOIF THEORETICAL ZVS TURN-ON CONDITIONS FOR EACH CASE
05 = =1 =
04l ' ! | ZVS condition S S, S S
' N ’ Case A B(t) >0 i) <0  i(t) <0  i(t5)>0
03F LN N = e 4 Case B i(t)) >0 () <0 i(k)<0 i(13)>0
2 N ~ e i’
= 0 2 -
S e Pad / TABLE V
; 0.1} > N |2 2 1 SIMPLIFIED ZVS TURN-ON CONDITIONS FOR EACH CASE
0 _ 4
ZVS condition Case A Case B
-0.1 1 D 1 S 2MDy> (M-1)(1-D) 2MDy> (M—1)(1-D)
/ poref S, 2MDy> (M—1)D 2M(1=Dy) > (M—1)(1-D)
02 -==D_ H Ss 2D, > (1-M)D 2(Dy=1) < (M=1)(1-D)
03— | ‘ . . Sy 2Dy > M—1)(D—1) 2Dy > (M—D)(D—1)
-10 -5 0 ) 10
Ly [A]

Fig.3. Trajectories of phase-shift reference and duty ratio reference of 2-DOF
modulation without ZVS operation when M = 0.5.

TABLE III
SYSTEM PARAMETERS

Parameter Value
Input voltage, Vi, 400V
Output voltage, Vo 50V
Maximum current, .. 11 A
Leakage inductance, Ly 432 uH
Switching frequency, f;,, 100 kHz
Execution frequency, fove 50 kHz
Input capacitance, C;, 50 uF
Output capacitance, C,, 50 uF
Primary-side half-bridge capacitance, C;, C, 30 uF
Secondary-side half-bridge capacitance, C3, Cs 50 uF
Transformer turn ratio, 7:1 4:1

After Dy ror is derived, D,y can be obtained from the
quadratic equation in (15) as follows:

1—+1—4y

Dref: 9

where v = %Dmﬂefz + [Dg resl -
(18)
Fig. 3 shows the trajectories of (D ref, Drey) according to
I,y variations, where the proposed 2-DOF modulation without
ZVS operation is implemented. The system parameters are
listed in Table III, where M is set to 0.5. For the light-load
conditions, Dy ..y and D,y are changed by 2-DOF control,
where Dy .y and D,.; monotonically increase with the cur-
rent references I,..r. Under the heavy-load conditions, D e
gradually increases, whereas D,.. y remains fixed at 0.5 where the
1-DOF control is applied. This shows the monotonic relation-
ship between I,y and Dy g under Iy ; < |Lqq|, Suggesting
that 2-DOF control can be feasible as a closed-loop structure.
However, the dynamics of (Dg ref / Irer) and (Dref / Iref)
are highly nonlinear and changed depending on the operating
condition. Therefore, the conventional PI controller without the
LUT method is difficult to increase the dynamics. On the other
hand, the model-based control can solve the nonlinear equations
to derive optimal solutions in a short time, which improves the
dynamic response by applying the calculation part.
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Fig. 4. ZVS turn-ON regions according to Gy and M under the 2-DOF
modulation without ZVS operation.

IV. 2-DOF MODULATION WITH ZVS OPERATION
A. Formulation of Minimum Current Operation

The ZVS can be achieved across all switching devices by
regulating the circulating current within the high-frequency
transformer, which minimizes not only the switching loss but
also the electromagnetic interference noise. The ZVS turn-ON
conditions of each switch are detailed in Table IV, where the
parasitic capacitance of the switches and the magnetizing in-
ductance of the transformer are negligible. The dead time is
designed such that there is still a small circulating current to
realize the ZVS turn-ON [9]. In this article, the ZVS conditions
are focused on the buck mode, i.e., M < 1. Furthermore, the
boost mode, i.e., M > 1, can be analyzed in a similar manner.

The ZVS turn-ON conditions are summarized in Table V
based on a time-domain analysis over one switching cycle.
Fig. 4 shows the ZVS turn-ON regions depending on the virtual
conductance Gy and the voltage conversion ratio M while ap-
plying the 2-DOF modulation proposed in Section III. When the
DAHB converter is operated in the buck mode, the inequalities
in Table V determine the ZVS conditions for all switches.
The ZVS conditions of S; and So are always satisfied since
its right-hand side remains negative under the condition of
M < 1. Consequently, S; and Sy achieve the ZVS turn-ON
regardless of G'y,. However, the secondary-side switches S5 and
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Light-load cond.
2-DOF in Case B
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Fig. 5. Gy and fully ZVS turn-ON regions according to D and D, when
M =0.5.

Sy would fail to achieve ZVS under low Gy, i.e., light-load
conditions. The non-ZVS regions increase when M is far away
from unity, where the high-side switch S; operates in hard
switching. Thus, fully ZVS operation for the secondary-side
switches cannot be achieved without considering the ZVS con-
ditions.
The minimum current operation while achieving ZVS con-
ditions can be defined as an optimization problem as follows:
minimize Ig(rms)(D’refv Dy ref)
GV(Dref7 Dd),ref) = GV,ref
Zj(Dref, D¢>,ref) > 0;75=1,2,3,4.

subject to (19)

where z; denotes the inequalities corresponding to each ZVS
condition. The inequality constraints are added to satisfy the
ZVS turn-ON of all switches, which minimizes the burden at
switching instants.

When the high-side switch S, satisfies the ZVS condition,
the low-side switch S3 also ensures the ZVS condition. In other
words, the fully ZVS operation is satisfied when S4 achieves
the ZVS constraint [5]. The ZVS criterion can be simplified as
a single inequality as follows:

2Dy ref > (M —1)(Dyey — 1). (20)

Fig. 5 shows the virtual conductance, Gy in (6), and the ZVS
criterion in (20) depending on the phase shift Dy and the duty
ratio D for the forward operation, i.e., Dy > 0, where M is
set to 0.5. In this case, Dy is limited under 0.25 to minimize
the RMS current as aforementioned. The ZVS conditions are
satisfied above the ZVS boundary, which are marked as shaded
regions. The power flow and RMS current are symmetrical about
D = 0.5, which means that Gy and the ZVS criterion of D
are equal to those of (1-D) for the same Dg. The boundary
condition between cases A and B is marked as a dotted line. The
2-DOF modulation with a ZVS operation can be classified into
three operating regions: light, medium, and heavy loads. The
operating regions should be identified by the discriminants, and
the solutions in each region will be derived hereafter.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 6, JUNE 2025

B. Calculation of 2-DOF Modulation References

For the light-load conditions, the ZVS criterion cannot be
satisfied for the operation in case A. Thus, the operation in case
B should be guaranteed for the ZVS operation under a certain
power level. The boundary condition between cases A and B
could be identified by matching D with Dy, i.e., D = D,. The
duty ratio criterion D, r, is easily obtained by substituting D,
with D in (20). Moreover, the conductance criterion Gy ¢, 1, is
derived from (3) as follows:

Depp = (=M +1)/(3 - M). 1)

Gverr = (1= M>*(M+1)/3-M)*.  (22)

When Gy islowerthan Gy ¢, 1, i.e., |Gvref| < Gv,err,the
optimal solution is located on the ZVS boundary, where I,,(;,.)
is minimized while satisfying the inequality in (20). Therefore,
the control variable can be formulated using the equations in
case B as follows:

2Dg ref = (M = 1)(Drey —1). (23)
Gvires = Dlep[l = 2|Dgreyl]. 24)
The equations in (23) and (24) are deduced as follows:
Dyes® + 21,0Dpes? + 215 =0 (25)
where 21, = % and 21, = —%.

The cubic equation is solved using Cardano’s formula as
aforementioned. The 2-DOF modulation references D,y and
Dy rer can be derived from (25) as follows:

Diep =2 P os 1arccos 36]1\/73 _ Zla ,
3 3 2pV ;i 3

(26)

where p; = —%(21,(1)2 and q; = %(Zl,a)?) + 21 p.

(M = 1)(Dreg = 1)
5 .

For the medium-load conditions, the ZVS criterion is satisfied
for the operation in both cases A and B. In this region, the RMS
current in case A is smaller than that in case B [5]. Moreover,
the ZVS operation can be achieved for the entire range of D,
and Dy .y over a certain power level. The maximum value of
Gy at the ZVS boundary can be derived using the following
optimization problem:

GV(DT€f7 Dd),ref)
2Dy ref = (M —1)(Dyey — 1).

D¢,ref - Sign(GV,ref) (27)

maximize

subject to (28)

The conductance criterion and the duty ratio criterion at this
point are denoted as Gy, and D, respectively. Conse-
quently, Gy, and D, pr are derived as follows:

Gy, = (1 — M)(M +3)*/432. (30)

When Gy is between Gy ,rr and Gy erm, €., Gyerr <
|Gv.refl < Gv,erm, the optimal solution can be obtained by
simultaneously solving the ZVS constraint for case A and the
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Fig. 6. Trajectories of phase-shift reference and duty ratio reference of 2-DOF

modulation with ZVS when M = 0.5.

virtual conductance equation as follows:

2D¢ ref = (M - 1)(Dr6f - 1)- (3D
GV,Tef = qu,ref(QDref(l - Dref) - |D¢,ref|)- (32)
The equations in (31) and (32) are deduced as follows:
Dref3 + z2,aDTef2 + z2,bDref + 22, = 0 (33)
where 29,4 = ’9IM, 2o = %, and zp . = % —
|Gy resl
-M *

Similarly, D,y and Dy ,.s are derived from (33) as follows:

D2 1 3q2 -3 A7 294
Dyep =24/ == cos [ zarccos [ =/ — — — | = =
3 3 2po\ p2 3 3
(34)

_ (22,0)°
P2 =22p — 3

3 22,a%2.b 4

where and g3 = 2—27(22@) —

22,c-

(M —1)(Dyey — 1)
2

For the heavy-load conditions, the ZVS condition is always
satisfied. This means that the optimization problem has an
equality constraint only when |Gy ,..¢| is greater than G'v, ¢,
ie., Gvern < |Gy rer|. Therefore, the optimization problem
in (19) is entirely consistent with that in (5). In this region, the
1-DOF modulation is applied because Gv,.,r in (30) exceeds
Gv,er in(11). Thus, D, s and Dy ..y can be derived as follows:

Dyey = 0.5 (36)

Dd),ref = Sign(GV,ref) (35)

1—/T—16|Gy.res]

4

Fig. 6 shows the trajectory of (D ref, Dyey) in response to
Ir.cr under the 2-DOF modulation with ZVS operation, where
the system parameters are listed in Table III. Under the light-load
conditions, |Dg ,cs| is greater than D, to satisfy the ZVS
constraints of case B when |I,..s| < 4.4 A. Under medium-load
conditions, Dy ¢ and D,y follows the ZVS boundary of case
A. Under heavy-load conditions, D, is fixed at 0.5,and Dy ¢
gradually increases to maximize the transfer power. The 1-DOF

D(b,ref = Sign(GV,ref) (37)
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control is applied when |I,..f| > 9.2 A. The dynamics between
the 2-DOF modulation references and the current references are
highly nonlinear. Therefore, the voltage controller should be
integrated with the 2-DOF modulation schemes to improve the
control dynamics.

V. PROPOSED UNIFIED VOLTAGE CONTROL SCHEME
A. Principle of the Proposed Voltage Control Scheme

Fig. 7 shows a block diagram of the proposed unified voltage
controller. It consists of the error compensation part to mitigate
the effect of parameter errors and the model-based calculation
part to enhance the dynamics. The error compensation part
adjusts the current reference /..y, to minimize the voltage error
incurred by uncertain factors between the model part and the
actual system. The model-based calculation part calculates the
modulation references, Dy .y and D,..y, based on the system
parameters to quickly track the minimum current operation.

First, the PI controller outputs the feedback current irp to
compensate for the voltage error, where the proportional gain
kpy directly responds to the output error, and the integral gain
k;,, brings the error to zero. Moreover, the feedforward path for
the load current [j,,4 is incorporated to decouple the effects of
the load current disturbance. The feedforward current ipp is
modified to suppress the positive feedback effects caused by the
load current path, where the load is assumed to have resistive
characteristics [19]. However, the positive feedback impacts are
reversed in the case of regenerative operations, i.e., a negative
load current. Therefore, 7 is multiplied by the voltage ratio
between voltage reference and output voltage or vice versa, as
follows:

. . (Vout,ref/‘/out) . Iload (Iload Z 0)
IFF =
(Vout/Vout.ref) . Iload (Iload S O)

Finally, an output limiter restricts the current reference to the
current limit 1,,,42. I e can be changed by thermal conditions
of the DAHB system, such as the maximum current limit of the
half-bridge switches and/or an external temperature. The anti-
windup scheme is applied to limit the output voltage reference
within the realizable ranges, which can be adjusted using the
anti-windup gain k.

After the current reference I,.. s is tracked by the voltage con-
troller, the minimum current operation can be achieved through
the model-based calculation part. The modulation references
trace the desired solution in a short time by directly applying the
current reference, the input voltage, and the output voltage owing
to the model-based structure. Thus, the proposed voltage con-
troller, unified with the 2-DOF modulation, enhances the control
dynamics under the input voltage and load current changes.

Fig. 8 shows a flowchart of the 2-DOF modulation calculation.
The ZVS operation could be chosen or not based on the loss
distribution of the DAHB converter. Subsequently, the transition
between each modulation is decided by the comparisons be-
tween G'v . r and the conductance criteria G'y,.,-. It provides the
smooth transition between the modulation schemes depending
on the load conditions. The modulation references Dy s and
D, are calculated based on the analytic equations. Dy .y is

(38)
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Fig. 7. Block diagram of the proposed unified voltage controller.
at the desired value under transient conditions. However, the
noise in measurement still affects the stability of the proposed
controller. Thus, the phase shift and duty ratio disturbances are
considered as design criteria of the PI parameters [19].
y (2-DOF w/o ZVS) y (2-DOF w/ ZVS) There is a tradeoff between dynamics and stability, which is

G =Eq. (9)

Tt =220 O) Gron = Ea. 22)

Gy =Eq. (11
v~ Fa (b Grn = Eq. (30)
<G
Yes
A
2-DOF 1-DOF
Dyrer=Eq. (17)|| Dy.er=Eq. (13)
Dyy=Eq. (18) ||Dyy=Eq. (14)
A /
1-DOF(Case B)| [ 2-DOF(Case A)| | 1-DOF(Case A)
Dy or=Eq. 27) | | Dyrer=Eq. (35)| | Dyrer=Eq. (37)
Dyyy=Eq. (26) || Dyy=Eq. (34) | | Dry=Eq. (36)
Fig. 8.  Flowchart for the 2-DOF modulation calculation.

changed within the range of [—0.25, 0.25] and D,..; is within
the range of [0, 0.5] to transfer the maximum power in both
directions.

In this part, the duty ratio reference D,..; determines the
voltage ratio between the upper and lower split capacitors. The
abrupt changes of D,..y would induce LC resonance, where the
split capacitor voltage oscillates. Therefore, the limited integra-
tor is utilized to slow down and limit the change in D,..r. The
transfer function of the duty reference controller can be defined
as follows:

D(s)
Drey(s)

where the dynamics of the duty ratio are determined by the
integral gain k;p.

kip
s+ kip 39)

B. Design Procedures of the PI Parameters

In the model-based control schemes, the design principle of
the PI controller differs from the traditional concept. The control
variables, i.e., the phase shift and the duty ratio, are derived by
the model-based calculation part with LCFF rather than by the
PI controller. This allows the output voltage to be maintained

determined by the gains of the PI controller, i.e., k,, and k;,.
A high proportional gain can improve the transient response
but increases the noise sensitivity. The PI parameters should be
designed to maintain dynamic performance while suppressing
the effects of measurement noise.

Figs. 3 and 6 show the trajectories of the control variables
according to the current reference I,y in the 2-DOF modu-
lations. Assuming that the duty ratio reference (D,.s) changes
gradually due to the integrator, the phase shift reference (D e s )
shows a steep slope in the 1-DOF modulation region, where
the measurement noise have a large effect on the phase shift.
Defining the rated current as I, 4.4, the variation in the phase
shift reference ADy ¢ can be expressed as follows according
to (13):

1 2lefswl7'ated
AD¢~,T€f ~ \/16 - T

_ i _ 2le‘fs'w [Iy-ated + (kz + kp)ve'r"r]
16 nV;
(40)

where v, represents the measurement noise of output voltage.
It can be approximated by a Taylor series neglecting higher order
terms.

The PI parameters are constrained by the phase shift distur-
bance ADy 4;s¢ as follows:

< n‘/inAD¢,di<9t \/1 o 2lefswlrated. (41)

k, + k;
( P M ) a lefswverr 16 n‘/z

The integral gain is designed to be one-tenth of the propor-
tional gain to maintain the phase margin, i.e., ki, = 0.1k,
Thus, the range of PI parameters can be expressed as follows:

kp = Lik fswVerr 16 nVin

nVinADg aist [ 1 2L fswlrated
10L1k fswverr | 16 nVin

nVinADg dist \/i _ 2Lk fswlrated

(42)

p—
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C. Loss Distribution of the Proposed 2-DOF Modulation

The system efficiency and loss distribution can be analyzed
in aspects of hardware components and modulation schemes.
The comprehensive losses of the DAHB converter are the sum
of conduction loss, switching loss of the switching devices, and
core loss of the magnetic components such as high-frequency
transformers [13], [23].

The conduction losses are calculated by the ON-resistance of
switching devices and winding resistances, which are propor-
tional to the square of the RMS current as follows:

Pcond

= Ig(TmS) (Rds((m) pri T Ruagpri +n? (Rds(on) ,sec +Rmag,sec))

(43)

where Rgg(on) pri and Rgs(on),sec are the ON-resistances of
the primary and secondary side switching devices, whereas
Roag,pri and Ryqg sec represent the resistance of the magnetic
components.

The switching losses consist of turn-ON and turn-OFF losses,
where the turn-ON loss occurs only in hard switching. Thus, only
the turn-OFF loss is considered under the ZVS turn-ON condi-
tions. The switching loss can be calculated using the switching
frequency and the voltages and currents across the switching
devices at the switching timing [23].

1 1
Psw(on) = Ecgsfsw + EVchONtrfsw

1
Psw(off) = ivdc-[offtffsw (44)

where Cys denotes the parasitic capacitor, oy and Ippp in-
dicate the currents at the turn-ON and turn-OFF instants, respec-
tively. ¢, and ¢ represent the rising time and falling time of the
switching devices.

The core losses of the magnetic core depend on the magnetic
flux, the switching frequency, the core volume, and the core
material, where the Steinmetz equations are widely utilized for
the calculation as follows [24], [25]:

Pcore =k- gw . (ABma:r)B . chore (45)

where V,,,. and k are set based on the datasheet values, o =
1.5, and 3 = 2.6.

Fig. 9 shows the transformer RMS current for different mod-
ulation schemes under various voltage conversion ratios and
virtual conductance conditions, where the parameters are listed
in Table III. Not only the 1-DOF control but also the 2-DOF
control without and with the ZVS are presented. The 2-DOF
modulation without ZVS achieves the lowest RMS current,
regardless of M and P,,,;, which can minimize the conduction
loss. By contrast, the 2-DOF modulation with ZVS increases the
RMS current on purpose to achieve the ZVS conditions, which
would increase the conduction loss. The RMS current of the
1-DOF modulation is smaller than that of the 2-DOF modulation
with ZVS, except under the light-load conditions, e.g., I, <2
A forM =0.5.

Fig. 10 shows the loss distributions for different modulation
schemes under various load conditions. Loss components are
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TABLE VI
HARDWARE COMPONENTS OF THE EXPERIMENTAL PROTOTYPE

Component Specification Note
Primary-side switches (S, S>) 650 V,45mQ  C3M0045065D
Secondary-side switches (S5, Ss) 200V, 5.3 mQ IRF200P222
Winding resistance of transformer 0.6 Q PQ4040
Winding resistance of series inductor 0.38 Q 0077213A7

calculated using converter loss analyses [13], where the spec-
ifications are listed in Tables III and VI. The 1-DOF control
increases not only the switching loss due to the hard switching
of the secondary-side switches, S3 and Sy, but also the con-
duction loss by the high circulating current under light-load
conditions as shown in Fig. 10(a). In contrast, the 2-DOF control
without ZVS mode follows the lowest RMS current, which
minimizes the conduction loss. Moreover, the switch S35 could
achieve soft switching under light-load conditions, as shown in
Fig. 4, resulting in reduced switching loss. The 2-DOF control
with ZVS mode decreases the turn-ON loss of secondary-side
switches to zero. However, the turn-OFF losses of all switches
have increased due to the high circulating current required to
achieve the ZVS conditions, resulting in significant switching
losses under the medium-load conditions as shown in Fig. 10(b).
Under heavy-load conditions, the total losses of each modulation
are identical because the 1-DOF modulation is the only option
as shown in Fig. 10(c). The advantages of ZVS mode would be
evident in high-frequency and high-voltage operations, where
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Fig. 11. DAHB converter prototype for experimental verification.

the proportion of the switching loss increases compared to the
conduction loss.

VI. EXPERIMENTAL RESULTS

The performance of the proposed voltage controller was veri-
fied using the hardware prototype as shown in Fig. 11. The max-
imum output power is 550 W where the rated input and output
voltage are 400 V and 50 V, respectively. The system parameters
of the DAHB converter were summarized in Tables III and VI.
The output capacitance is significantly low, which clearly shows
the dynamic response of the controllers. The leakage inductance
Ly is the sum of an external inductance in series with the trans-
former and an inherent leakage inductance of the transformer.
The proposed algorithms were digitally implemented on a DSP,
TITMS320F28377. The gains of the proposed controller k,,, and
k;, were set to 0.3 and 0.03, respectively, under the condition
that ADy 4is is 0.01, and v, is 2% of the output voltage.

Fig. 12 shows the output voltage and modulation refer-
ence waveforms when the load resistance is changed between
16.7 © and 8 €2, i.e., light- and medium-load conditions. The
2-DOF control without ZVS mode was applied to minimize the
RMS current, where Dy .y and D, respond rapidly to the
load current changes and reach the steady-state operation in 11
ms, as shown in Fig. 12(a). Furthermore, the 2-DOF control with
ZVS mode was implemented, as shown in Fig. 12(b). D .. r and
D,y were calculated to trace the ZVS boundary in real time.
Dy oy was greater than D,..; under the light-load conditions to
satisfy the ZVS condition. The transition between cases A and B
was smoothly achieved in 17 ms because of the unified voltage
controller during load changes.

Fig. 13 shows the waveforms under the load variations be-
tween 8 2 and 5.2 €2, i.e., medium- and heavy-load conditions.
In this case, 2-DOF modulation was changed to 1-DOF mod-
ulation, where D,y quickly reaches 0.5 under the heavy-load
conditions. The model-based calculation part achieved a smooth
transition between the modulation schemes. Moreover, the out-
put voltage error was compensated using the voltage controller
with LCFF in 21 ms, as shown in Fig. 13(a) and (b).

Fig. 14 shows the experimental waveforms when the input
voltage decreases in increments of 40 V from 400 to 320 V,
where the load is set to 8 2. The input voltage changes take
effect immediately to the calculation part, where Dy ,..s and
D,y are calculated on the basis of the input voltage. As the
voltage conversion ratio M changes, the virtual conductance Gy
is adjusted in real time. The output voltage converged to the
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reference output voltage within 11 ms, respectively, as shown in
Fig. 14(a) and (b).

Fig. 15 shows the transient responses when the output voltage
reference is changed from 50 to 55 V and vice versa. The load
is set to 8 {2. The proposed voltage controller quickly responds
to changes in the output voltage reference owing to the model-
based calculation part. The output voltage reference was tracked
within 10 ms and 4 ms, respectively, and the output voltage error
was minimized using the proposed closed-loop structure. The PI
controller minimizes the voltage error induced by the system loss
and the dead time of switching devices. The 2-DOF modulation
with and without ZVS was integrated with the voltage controller
to improve the system efficiency.

Fig. 16 shows the waveforms of the transformer voltages
(Vab, Veq), and the inductor current (4,,) for different modulation
schemes under 33-Q load, i.e., Gv / Gymas = 0.14. The 1-
DOF control fails to achieve ZVS under the light-load conditions
and causes significant circulating current as shown in Fig. 16(a),
which increases the conduction and switching losses. The 2-
DOF control without ZVS mode minimizes the RMS current by
adjusting the phase shift and duty ratio, resulting in hard switch-
ing of the secondary-side switches as shown in Fig. 16(b). The
2-DOF control with ZVS mode increases the circulating current
to achieve the soft switching of the secondary-side switches
as shown in Fig. 16(c). The RMS current of the primary-side
Ip(rms) 183.55 A, 1.53 A, and 3.50 A, respectively, according to
the modulation schemes. The circulating current is remarkably
reduced by applying the 2-DOF control without ZVS mode
under the light-load conditions.

Fig. 17 shows the voltage and current waveforms of the
transformer under various load conditions when the 2-DOF
control with ZVS mode is applied. The asymmetrical duty ratio
is utilized to achieve the ZVS conditions while minimizing the
RMS current, which results in different voltages between the
half-bridge capacitors under the light- and medium-load condi-
tions, as shown in Fig. 17(a) and (b). Otherwise, the symmetric
duty ratio is applied under the heavy-load conditions as shown
in Fig. 17(c). The inductor current waveforms are presented to
verify the ZVS conditions in Table IV at the switching timing,
which are marked as a green circle. The ZVS turn-ON of all
switches can be achieved not only under heavy-load conditions
but also under medium- and light-load conditions by applying
the proposed method.

Fig. 18 shows the system efficiency of the hardware pro-
totype under various load conditions for different modulation
schemes. The system efficiency is measured by a power analyzer,
Yokogawa WT5000, where the loss distributions are difficult to
distinguish. Thus, the performance of the modulation schemes
is compared in terms of the efficiency from the input port to the
output port. Under light-load conditions, the 1-DOF modulation
fails to minimize the RMS current and to achieve ZVS, resulting
in increased conduction loss due to high circulating currents
and increased switching loss due to the hard switching. The
ratio of converter losses relative to the transferred power is
relatively high under the light-load conditions, reducing the
system’s efficiency. Compared with the 1-DOF modulation, the
2-DOF modulation with ZVS increases the system efficiency
by 15% under light-load conditions. The 2-DOF modulation
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Experimental results 4: Output voltage reference changes of the proposed 2-DOF controller (a) without ZVS mode and (b) with ZVS mode.
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without ZVS further improves efficiency by minimizing the
conduction loss, achieving a 30% improvement under light-
load conditions. Under the medium-load conditions, the 2-DOF
modulation scheme with ZVS operates at the ZVS boundary
where a higher circulating current is required. This results in
high conduction and switching losses, which leads to the low-
est efficiency. Otherwise, the 2-DOF modulation without ZVS
achieves high efficiency by minimizing the RMS current. Under
heavy-load conditions, the efficiency of each modulation is
consistent because the 1-DOF modulation is smoothly achieved
by the proposed controller.

Consequently, the 2-DOF modulation without ZVS is highly
efficient under all load conditions, where the system efficiency

(b)

&

©)

Experimental results 6: Switching waveforms of the transformer of the proposed 2-DOF controller with ZVS mode under (a) 16.7 €2, (b) 8 €2, and

is maintained between 85% and 90% by minimizing the RMS
current. In the hardware prototype, the sum of the conduction
and core losses is dominant compared to the switching loss as
shown in Fig. 10. However, the effect of ZVS operation becomes
more significant as the switching frequency increases because
the switching loss is greater than the conduction loss. The 2-DOF
modulation with ZVS could be more efficient in high-frequency
switching applications.

VII. CONCLUSION

This article analyzed the minimum current operation of the
DAHB converter while achieving ZVS conditions or not. Based
on these analyses, the 2-DOF modulation schemes for the DAHB
converter have been proposed for the bidirectional power flows.
The model-based calculation has been inserted to analytically
calculate the phase shift and duty ratio references, where the
virtual conductance was adopted to optimize the modulation
scheme. Moreover, the voltage controller with LCFF has been
applied to improve the control dynamics while minimizing
the steady-state error. The dynamic response of the proposed
method can be improved not only under load changes but also
under input voltage and output voltage reference variations. The
effectiveness of the proposed method was verified through the
experimental results. The proposed method demonstrates excel-
lent dynamic performance even under the 2-DOF modulation
both with and without ZVS schemes. The DAHB converter
with the proposed scheme can achieve high efficiency and fast
dynamics, which is utilized for low-power applications such as
auxiliary power or energy systems.
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