IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received May 8, 2021, accepted May 23, 2021, date of publication May 28, 2021, date of current version June 21, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3084630

Small Signal Modelling for Variable Frequency
Control With Maximum Efficiency Point

Tracking of DAB Converter

IVAN RUIZ ERNI", (Graduate Student Member, IEEE),

ENRIC VIDAL-IDIARTE ™, (Member, IEEE), JAVIER CALVENTE"~, (Member, IEEE),

AND LUIS GUASCH-PESQUER

Departament d’Enginyeria Electronica, Electrica i Automatica, Universitat Rovira i Virgili, 43007 Tarrangona, Spain

Corresponding authors: Ivan Ruiz Erni (ivanr@ieee.org) and Enric Vidal-Idiarte (enric.vidal @urv.cat)

This work was supported in part by the Universitat Rovira i Virgili under Project URV SGR2017 00983.

ABSTRACT Dual active bridge (DAB) converters have experienced a boom thanks to the demands of new
applications where bidirectional energy transfer, galvanic isolation and high efficiency are essential. In order
to improve the efficiency of the stage without losing sight of the converter advantages, previous works have
proposed complex forms of control that are not always applicable. This paper proposes the use of a variable
frequency control strategy plus an additional control loop to find the point of maximum efficiency. Therefore,
in this paper, the generalized state space average model is developed in depth to obtain in an analytical way a
new small-signal model between the switching frequency and the output voltage, which is used to design the
digital variable frequency control. In addition, to increase efficiency, reduce losses and ensure zero voltage
switching, a second loop based on perturb and observe methodology is presented. The results obtained in the
analysis of this control are validated and contrasted by simulation and experimentally with a IkW prototype.

INDEX TERMS Dual active bridge, digital control, GSSAM.

I. INTRODUCTION

Isolated and bidirectional DC-DC converters are becom-
ing more popular thanks to new market opportunities. The
interest in the application of the non resonant dual active
bridge (DAB) for isolated DC-DC power conversion Sys-
tems has been continuously growing [1], [2]. Its easy
soft-switching realization, bidirectional power transfer capa-
bility, and modular and symmetrical structure made it a good
candidate in automotive application [3]-[7], fuel-cell and bat-
tery storage systems [8], [9] and fuel-cell power-conditioning
systems [10].

The DAB in half bridge configuration shown in Figure 1,
is composed of two inverters: the primary, formed by transis-
tors Qp and the secondary, composed by the transistors Q.
The function of the two half-bridges is to impose a voltage
difference on the inductance, L, generating a controlled cur-
rent flow ir. The inductance is responsible for accumulating
energy in the form of current and then transferring it to the
output capacitor C, in the form of voltage. The transformer
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FIGURE 1. Dual active bridge converter.

serves as a linking element between primary and secondary
half bridges allowing to establish the desired transformation
ratio, N. The series capacitors Cpc are chosen to block
the DC current levels and avoid saturation of the magnetic
components. The main waveforms of the DAB are described
in Figure 2. The voltage applied on the inductance L is the
difference between the voltage of the primary inverter v,
and the voltage reflected by the transformer ratio N of the
secondary inverter, vs. The most common and widespread
form of DAB control is based on phase shifting the voltage
waveforms between primary and secondary. This phase shift
¢ makes possible to control the current flowing through
the inductance: the greater the phase shift, the greater the
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FIGURE 2. Dual active bridge waveforms.

current amplitude. As the operating point of the stage moves
away from the optimum design point, mainly v, = Ny;,
higher phase shifts are required. This also implies, as detailed
in [11], a larger recirculating current through the inductance
that is not converted into active power, significantly reducing
efficiency. To mitigate that, the most used control is the
triple phase shift control, summarized in [12], [13], which not
only increases efficiency, but also raises the semiconductors
soft switching range. This control require relatively high
computational cost, careful implementation, detailed current
handling to prevent the switches from losing soft switching
and, because a third voltage level is needed, a full bridge on
each side of the transformer. Moreover, in sectors like vehicle
electrification and photovoltaic, given the aggressiveness of
the market, the price of the converter is one of the most
important factors. This leads to a search for cost reduction that
ends up minimizing, whenever possible, the number of semi-
conductors and their drivers. For this reason, it is sometimes
preferred to use a half bridge instead of a full bridge. In that
case, advanced control methods cannot be implemented due
to the lack of the additional control variable. In [14], the ¢
based control is compared with the variable switching fre-
quency control, where it is shown that the latter has a better
performance. Variable frequency control already appears in
the literature, but the mathematical calculation of the transfer
function that allows this control has not yet been proposed.
This paper proposes an easy to implement, low computational
cost and universal control method which is also capable of
being implemented with half bridges, while maintaining high
efficiency. As the main control, a fast inner loop that varies the
switching frequency is in charge of regulating the output volt-
age. The Generalized State Space Average Model (GSSAM)
for the DAB is fully developed, allowing to obtain the trans-
fer function between the frequency and the output voltage.
Then, to demonstrate the effectiveness and functionality of
the proposed loop, a digital control design is suggested, sim-
ulated and validated experimentally. The generalized state
model for the DAB has already been developed with sev-
eral assumptions in a phase shift control [15]. In contrast
to previous phase shift control applications, two additional
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state variables and an additional signal that is specific to
the half-bridge structure has been included. This complicates
the system and leads to the realization of the GSSAM from
scratch. As a secondary control, the phase shift is varied
slowly in order to improve the performance of the stage. This
control, by means of perturbation and observation, operates
to reduce the effective current at the input of the stage while
maintaining the power delivered at the output and the zero
voltage switching (ZVS) condition, tracking the maximum
efficiency point. After the Introduction section, the main
contribution of the work is fully developed in section II,
where the GSSAM average model and the small-signal model
from the switching frequency to the output voltage are fully
explained for the DAB in half bridge configuration. Then,
in Section III, a controller based on previous small-signal
model is developed and experimentally validated with a pro-
totype of 1 kW. An additional maximum efficiency point
tracking control loop, based on phase shift control, is also
presented and validated in Section IV, thus showing another
important contribution of this paper. Finally, in the Section V,
the conclusions of this work are exposed.

Il. GENERALIZED STATE-SPACE AND SMALL-SIGNAL
MODELING OF AN DUAL ACTIVE BRIDGE

The most commonly used method for modeling PWM con-
verters is based on the averaged state space [16]. The appli-
cation of the averaged state space model is used in converters
such as the boost or buck converter where the state variables,
voltages and currents, have high DC levels and higher order
harmonics are neglected. In the case of the dual active bridge,
this situation does not occur. The current flowing through
the inductance does not contain DC level, only AC current.
The model presented in this paper is based in the generalized
state space model, explained in [17] and [18], where higher
order harmonics are considered. In this paper, another control
variable f,,, high order harmonics of the output voltage and
half-bridge adaptation signal are also taken into account. This
allows the obtained small-signal model to be used in more
regulators than the common phase shift control and if desired,
for half-bridge configurations.

A. MATHEMATICAL FUNDAMENTALS OF THE GSSAM

In this section, the mathematical basis of the generalized
state space average model is explained in depth to facilitate
the understanding of the model. Fourier series allow any
periodic and continuous signal in time, f (¢) to be decomposed
into an infinite sum of sinusoidal or cosine functions called
harmonics, n:

n
n M

w

o0

f6 =3+ };w cos( ZT’::t» + by sin(ZT’:
where the period Ty, is the inverse of the switching
frequency f;,,. The coefficient of the Fourier series ag refers
to the 0 harmonic, n = 0, or DC level of the signal:

2 Tsw

a = 7— f(@)de 2
sw JO
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The remaining coefficients, a, and b,, represent the fre-
quency content of the signal:

2 Tow 2mn
a, = — (1) cos( t)dt 3)
" Tsw 0 f Tsw
b= 2 [ rosin 4
= — sin
§ Tsw 0 Tsw
According to Euler’s formulas:
ejnt —jnt
cos(nt) = % )
ejnl _ e—jm
sin(nt) = —jT 6)

Then, it is possible to rewrite (1) as:

o o0
F@ =co+ ) (cne™ + e =Y (D)
n=1 n=—00
where ¢, can be calculated as:
1 Tsw .
= f®emMdr = (f), ®)
Tsw 0

or separating the real and imaginary part:

Tsyw
en = Tiw /0 e — jSedt = () ©)
being:
Wew = [ roeosEy =t (o)
Tsw Jo Tsy n
and

"n=¢F  an

w

Sy = = [ eysind =
~S(C = — Sin
" Tsw 0 Ts

The time derivative of the coefficient (f), is obtained by
applying Leibniz’s law:
dify, 1 [T d

= — —(f(t)e" " )dt
a Tow Jo Bt(f( ) )

1 Tow d .
- Zrt —jnwgyt
Ty 0 <dtf( )) ¢

—jnegf (e 7" di (12)
Substituting equation (8) into (12), it is finally reached:
d{f) d .
i’;” = <d—’;>n — jnwg(f)n (13)

Let there be two Fourier coefficients, (f), and (h),,
the product of these is realized by discrete convolution:

o
Fhn s (Bn =D (F)ilh)ni (14)
i=—00
Solving (14) for the continuous level, n = 0, and the

first-order terms, n = =1, which are part of the first har-
monic, it is obtained:

{Fro* (o = (f)—1{m)1 + {Floho + (f1(h) -1 (15a)
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(Fro1* (b1 = (f)—1(ho + {Folh) 1
1= ()1 = (Hoth + {1l

Assuming (f), must be a complex number, it is satisfied
that its complementary is:

Fhn=(NZ, (16)
Substituting (16) into (15), it is obtained:

(15b)
(15¢)

(Flo* (o = (Fothdo + 20O WY +2(A)T T (17a)
()T 1T = (O o + (o)} (17b)
O W = (o + (1) () (17¢)

B. APPLICATION OF THE METHOD TO THE DAB

The equations developed in Subsection II-A are applied to
the dual active bridge shown in Figure 1. The square voltage
waveforms of the primary v, and secondary vy half bridges
are proportional to the signals 1 (¢) and u»(¢), being:

1 0<t<dT
() = == (18)
-1 diTgy <t <Tgy

and

1 T, t < )T,
ur(t) = ¢Tsy <1t < (¢ + d2)Tiw (19)
=1 (P+d)Ty <t < Ty(1+¢)
On the other hand, in the half bridge, the energy is trans-
ferred from the inductance L to the capacitor C when the
signal u;(t) is positive, giving place to u3z(¢):

w(t) = :1 $Tow <1 = (¢ +d2)Ty (

20)
0 (@+d)Ty <t <Ty(1+¢)

Choosing as state variables the current in the inductance L,
(ir(t)) and the voltage on the output capacitor C,, (v,(t)),
the differential equations of the stage shown in Figure 1 result
in:

dip(t) R, (@) o ua(r)

o = O+ i) = oorve() (21
dvo() 1 (1)

o —R—Cova(l)-Ir CONIL(I) (22)

It is important to remark that the current i;, does not contain
a continuous level, so it is necessary to calculate at least the
first harmonic n = 1 to obtain a valid model. Applying (17)
in (21) and (22), gives the corresponding Fourier coefficients:

d{ip)n Rp . (U1)n * (vidn  (U2)n * (vo)

@ -t/ T TN 23)
)y 1 (3 * (i)
@ - re,"" T e, 24)

Representing (23) and (24) up to the first harmonic
(n = 0,-1,1) and applying (17) results in:

i) Re o w0l + i tvido
! 2L

dr L
(2)0(vo) T + (u2)} (vo)o s
- “ZNL L L og(in)} (25)
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sin 2w ¢ + 2w dy) — sin 2w )

() = i (37b)
)y = cos 2m¢ + 271;12) —cos 2 ¢) 370)
and for u3(¢)
(uz)o = da (38a)
(u3)q‘ _ sin 2w ¢ + 2w dy) — sin 2w ¢p) (38b)
) = Qre + 27512) —cos @) e

T

(dir)] R iy (ur)o(vi)i + (u1)7 (i
a L H 2L
(2)0(vo)} + (2)7 (vo)o 5
- - 26
INL swiliL)] (26)
(dvoo _ (vodo | 2Cus) (i)Y + (u3)] {ir)}) an
dr - RC, NC,
(dvo)}' o)l (u3)d (i)} N
= — N 28
dr RC, + NC, +wsw<vo)1 (28)
(dvo)} (vo)y | (u3)y i)} %
= — — ey (Vo) 29
dr RC, + NC, wsw(‘}()l (29)
where wg, = 27 f5,.
Considering that v;(¢) is constant, it is satisfied
il = ()} =0 (30)
so these state variables can be eliminated.
Defining the state vector x as:
x =[] (L)} (voo o)} (o)} T 31
and the input vector u:
u = [{(vi)o] (32)

equations (25)-(29) can be represented in matrix form, obtain-
ing the state space model:

x =Ax + Bu (33)
Being A:
r N -
om0
R )y (un)
;(w)vgg 2‘(?}{ o 0 I
A= uz)y 2(uz)y 1 34
NC(,I NC(,I “C,R 0 0 (34
(11\473?)00 0 0 C,I,R @sw
(u3) 1
L 0 e 0 —ow g
and B:
()}
2L
(ur)y
B=| % (35)
0
0

The continuous and first-order Fourier coefficients of the
signals u1(t), up(¢t) and u3(t) are obtained from developing
the Fourier series of the signals (18), (19) and (20) by means
of (1) and (9). In this way, it is obtained for u(¢):

(u1)o = 2{11 -1 (36a)
(u)f = Sm(i—”dl) (36b)
T
for uy(¢):
(u2)o = 2dr — 1 (37a)
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C. SMALL SIGNAL MODEL
The system represented in (33) contains non-linear terms.
For this reason, to design the control loop, it is necessary to
linearize the system around an equilibrium point x4, where
there are no significant variations.

The equilibrium point x,, is obtained from eliminating the
disturbances in (33), x = 0, and solving:

Xeq = —A"'Bu (39)

By introducing a small perturbauon in the control vari-
ables, in this case: ¢ dl, dz or @y, the state variables will
vary with respect to the equilibrium point. Perturbing the
system around the equilibrium point yields the small-signal
model. Linear approximation of the system is obtained
through the first order term of the Taylor Series represen-
tation: Let f(x) be continuous and differentiable, x,, the
equilibrium point and X a small perturbation, it is satisfied:

X=X —Xeq (40)

and
fx) =i %f(xeq) +f/(xeq)(x - xeq) =0 +f/(xeq))? 41

The first order derivative f”(x.,) at the equilibrium point is
calculated by the Jacobian of the system. Being:

f(xv ¢7 d17d27a)SW) = (Ax+Bu) (42)
Applying the Jacobian matrix in (42)
d(x)
? = Vf(x’ ¢)7 dlvdZ,(Usw) (43)

it is obtained the small-signal representation of the system:

=A% + Bi+ E\¢ + Eod) + Ezds + Edyy  (44)
where:
r U\t b
R
R (U2)} (Uy)
. —@sw -7 = 0 20
A = | 2N(Us)] 2NUs)Y 1 0 0 (45)
N(%)) C, CR .
Cj 0 O 0 —m Wqy
. O NWj)O 0 —om C,I,R i
2 =[] ()7 Podo Go)} (Do)} T (46)
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(47)

O O O

[ (L)}
—(IL)}

0 (48)
(Vo)
[~ (Vo))

Capitalized letters in the above equations represent the
variables at their equilibrium point.

oSl
Il

D. TRANSFER FUNCTION BETWEEN OUTPUT VOLTAGE
AND SWITCHING FREQUENCY

The state variable to be usually regulated in this topology is
the DC output voltage v,. In this work, v, is controlled by f;,,..
Therefore, using (44), (45), (46) and (48) the small-signal
representation required to design the controller become:

i S
il Ax + E®y, (49)

The control signal to output voltage transfer function is
denoted as:

Gy, (5) = C(sI — A)E (50)
where C is:
C=[00100] (51)

Substituting the parameters of TABLE 1 in (50), the fol-
lowing transfer function is obtained:
72015(s — 8.069 x 10°)
(s + 166.5)(s2 + 5.136s + 8.171 x 1010)

Gy, (5) =
(52)

It is important to remark that, due the calculation of the
First Fourier harmonic for obtaining the DAB model, equa-
tion (52) presents high-frequency modeling effects in form
of resonance and non minimum phase dynamics. The high
frequency resonance is placed at the switching frequency and
the right half plane zero represents the delay in power output
transmission, which is related to d» T, plus ¢p. However, these
high frequency effects are far away of the useful frequency
range of a small-signal model, which is below a half of the
switching frequency, and usually are not taken into account
for control purposes. The obtained transfer function is rep-
resented in the Bode diagram of FIGURE 3. In this Figure,
it is also possible to observe a perfect agreement between the
frequency representation of the obtained analytical model and
the obtained by simulation using Matlab/Simulink.

Ill. DIGITAL CONTROLLER DESIGN AND EXPERIMENTAL
VERIFICATION

This section develops as an example a digital control based
on the transfer function obtained in the previous section to
demonstrate its benefits and feasibility.
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TABLE 1. DAB Equilibrium point parameters.

Parameter | Value
Vin 200 V
Vo 200V
) 0.1
d1 0.5
da 0.5
fsw 45 kHz
N 1
L 20 uH
Ry, 240 mQ
C, 150 uF
Rioad 40 Q
-40 T T T T
%
~ 50
o
Z
o -60
S
2
§0 =70
= -80
-90 .
180 T T T
w135
=
[}
é
£ o0
45 1 1 1 1
10° 10! 102 10° 104

Frequency (rad/s)

FIGURE 3. Frequency response of Gz, (s). Solid line: Analytical model
results. Asterisks: Simulation.

A. CONTROLLER DESIGN

A design based on emulation is proposed, where a continuous
controller is initially designed and then discretized. Since the
controller is discrete, a delay 75 occurs between the sampling
instant and the update of the control action. This delay is
represented by the transfer function:

Gaei(s) = e~ (53)

So, the new continuous plant with the included delay
results in:

Gyf,,y.del(8) = Gyf,,, (8)Gei (s) (54

A PI controller to ensure output voltage regulation and zero
steady-state error is proposed as follows:

—1 s+ wy
G = 55
O = GG s 43

A simple design process of this PI is done choosing the
crossover frequency w, regarding the desired Phase Margin,
setting w; one decade below w, and adding the gain needed
to ensure loop gain 0 dB crossing at w,. This is done dividing
by |Gy, del(jwo)| that represents the magnitude gain of (54)
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at w,. Once the G.(s) is obtained, it can be discretized using
the bilinear transform which maps the left half of the complex
s-plane to the unit circle in the z-plane:

Ge(z) = Ge(s)| 2l (56)

where T is the sampling period.

B. SIMULATION AND EXPERIMENTAL RESULTS

In order to show the model utility, a digital PI controller is
designed following the procedure described in Section III-A.
A loop gain crossover frequency of 1000 rad/s its sufficiently
below of the minimum switching frequency and gives a con-
servative Phase Margin value around 90°. As explained in
Section III-A, the zero of the PI is placed one decade below
the crossover frequency, i.e. w; = 100 rad/s. The gain of the
controller is adjusted to achieve 0 dB loop gain crossing at
w, = 1000rad/s, thus giving 1/|Gy,,. det (jwo)| = 63 dB, as can
be seen in FIGURE 4.

110 T T T

100

=l
(=]

Magnitude (dB)
]

=
(=]

D
(=]

180 T T T

135 J

Phase (deg)

90 L L L
10° 10 102 10
Frequency (rad/s)

FIGURE 4. Frequency response of G¢(s).

The open loop gain, G;(s) of the system, defined as
Goi(s) = Ge($)Gy f,, (5)Gel (5) (57)

is represented in FIGURE 5 using the parameters of
TABLE 2. From FIGURE 5, it can be seen than the phase
margin is around 90° ensuring the stability of the system.

TABLE 2. Controller parameters.

Parameter Value
wWe 1000
wr 100
tq 33.33us
Ts 6.67 s

The continuous controller is discretized using the Bilinear
transformation with a sample time 7y, that ensures that all
the poles are located inside the unit circle of the z-plane.

85294

80 T T T

60 1

40 .

20 J

Magnitude (dB)

0F 1

220 ! ! !
=70 T T T

-80

-90

Phase (deg)

-100

-110 L I L
10° 10! 10 103 10*
Frequency (rad/s)

FIGURE 5. Frequency response of converter gain loop.

The discretized controller, G.(z) is implemented in the pro-
totype shown in FIGURE 6, which is based on TABLE 1.
Selected semiconductors are STW70N60DM2 and the mag-
netic components are made of ferrite N87. The control is
implemented in a FPGA from the Artix-7 family.

UNIVERSITAT
ROVIRA i VIRGILI
3

FIGURE 6. Converter prototype.

FIGURE 7 compares the response obtained by simulation
with the experimental response to a 25% increase in the ref-
erence output voltage. Experimental and simulation transient
behaviors agree and show that the system its able to reach
the new set point with zero stationary error. Experimental
and simulated time responses for 25% of load perturbation
are presented respectively in FIGURE 8. Both experimental
and simulation transient behavior agree again, showing the
system is able to recover again its zero output voltage error
stationary state, validating the theoretical predictions and the
feasibility of the controller. Similarly, FIGURE 9 shows how
the regulator presented in the previous subsection is able to
maintain the output voltage in the presence of a 25 % variation
in the converter input voltage.

IV. MAXIMUM EFFICIENCY POINT TRACKING
As it has been seen, when varying the switching frequency
using the controller designed in previous section, it is possible
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v, )

100

50

. . . . . . . . . I
0 5 10 15 20 25 30 35 40 45 50
Time (ms)

(a)

18

(b)

FIGURE 7. Voltage reference variation. (a) Simulated. (b)Experimental.
From top to bottom: Output voltage v, (50 V/div) and input voltage v;
(50 V/div). Timescale (5 ms/div).

to regulate the output variable relatively quickly in front of
load disturbances and reference changes. This leaves free
the control variable most commonly used in this topology,
the phase shift ¢. This variable could be left fixed at a
value that guarantees the full range of operation, but taking
advantage of this additional degree of freedom, the aim is to
improve the efficiency of the converter.

A. CONVERTER LOSSES AND CONTROL MOTIVATION
Previous works [19], [20] describe how the conduction loss
is dominant in the total power loss, which implies that the
overall system efficiency can be improved reducing the RMS
value of iy () or the input current i;,,(¢). Thus, the minimiza-
tion of I;, s can be adopted as the optimization objective.
Consequently, the reactive input current is reduced. It is
important to note, that switching looses are less dominant
since ZVS exists during turn on, while at turn off, they
are compensated by a lower switching current. According
to FIGURE 2, during one switching cycle Ty, four current
slopes can be distinguished in the inductor L depending on
the voltage difference between v, and v;:

mi 1 0<7t <oTy,

mj; 2 ¢Tsy <t <d1 T

mij; 3 diTow <7 < (do+ P)Ts
(dr +P)Tow < T < Ty

mi, (1) = (58)
mij; 4
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v_o(V)
o
— . 10i (A)

200

150 -

100 -

Time (ms)

(a)

600A
100kS  2MSis Edge Posiive

(b)

FIGURE 8. Output voltage response to load perturbation of 25%.
(a) Simulated- (b) Experimental. From top to bottom: Output voltage v,
(50 V/div) and output current ip (5 A/div). Timescale (5 ms/div).

700V
10MS  50MSis Edge Negatve

FIGURE 9. Output voltage response to input voltage perturbation of 25%.
From top to bottom: Output voltage v, (50 V/div) and input voltage v;
(50 V/div). Timescale (20 ms/div).

where T =t — nTy,.
drv, + (1 —dy)Nv;

L1 = 59
i1 IN (59)
(dr—1Dvo+ (1 —1d))Nv;
oy = 60
miL.2 IN (60)
—(1—-d N —dyv;
mi 3 = ( 2) 20/ 1Vi 61)
d N —dyv;
mip g = 2o/~ A — (62)

Once inductor current slope is obtained, instant inductor
current iy (¢) can be determined as the initial current iy (nTs,,)
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plus the increment Air(7):

ir(t) = ip(nTyy) + Air(t) (63)
AiL,l(T) 0<t< ¢Ty
Aip(1) = Al:L,Z(T) ¢Toy <7 <1 Tsw (64)
Aip3(t) diTsw < T < (d2 + P)Tsw
AiL,4(":) (dr+ )T <7 < Tsn
where
Aip1(7)
= mi 1T (65)
Air 2(7)
= mip 19Ty + mip 2(t — ¢Tyy) (66)
Aip 3(1)
= mi, 19 Tsw + mir,2(d1 — )Ty
+mig, 3(t — d1Tsw) (67)
Aip 4(7)

= miL,l¢Tsw + miL,Z(dl — )Ty
+mip 3(da + ¢ — d) sy + mip 4(t — (¢ + d2)Tsw)
(63)

Since series capacitor exists, average current must be zero.
It is assumed that the time constant imposed by the series
capacitors Cpc x is small and do not affect the system. That
means, the value that makes the average current equal to zero
corresponds to if (nT,,) during each switching period:

1 Ty
iLiT) + / Aig(t)dt = 0 = if (nTy)
0

sw

1 ¢Tsw 1Ty
+— (/ Aip 1 ()t + / Aip o (v)de
Tow \Jo ¢

T.YW'
(d2+¢)Tsw e
+/ Aip 3(t)dt +/ AiL,4(r)dr>
dl Tow (d2+¢)Tsw
(69)
The input effective current can be calculated as:
1 (Tw 1/2
linsms = (— [ ey dr) (70)
Tow Jarry,

which by solving the equation and substituting d; and d>
by 0.5, results in:

Tin,rms
\/v02 + (=64 n¢3 +48 N ¢? — 2 n) vpv, + N2 v2
8V/6L fol Inl

(71)

Input power P; can be calculated as the current flowing
through the inductor multiplied by the applied input voltage
at the first inductor terminal:

1 Tow
<Pi>wa = 0 Vp(t)lL(t) dt
Ty 0
1
=7 E+E+E+E) (72)

sw
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where

(PTSW

B = [ v - iy ar 3)
0
lexw

E, = / vi(l —dpig(r)dr (74)
(PTSW
d2+¢Tsw

E; = / —vidyig(t)dt (75)
lesw
TTW

E4 = / —vidyig(t) dt (76)
d2+¢Tsw

Assuming high efficiency, the output power P, equals P;
and equating dj to dy:
(—¢? + (—2d% +2d) ¢) viv,
L fswN

By solving for the variable f;,, in the previous function and
substituting in (71), Iin, -ms can be rewritten as:

(P())wa =

(77)

P, \/v02 + (—643 + 4892 — 2) viv, + v
2V6 [2¢% — ¢ vivo

in,rms —
(78)

Using the parameters of TABLE 1 in equation (78),
FIGURE 10 is obtained. It can be seen that for the same P,,
the effective input-current can increased or reduced depend-
ing on v, and ¢. While v, is tightly regulated to achieve
the voltage reference setting, ¢ can be modified to reduce
the effective input current. It is important to note that when
vi = Nv,, the optimum ¢ value would be almost zero and
switching frequency to maintain P, results too low. This
would imply the use of large volume magnetic components
and the loss of ZVS. For this reason, a minimum switching
frequency, fs,min must always be considered, which is also
translated into a minimum phase shift, preventing the magnets
from saturating due to excess current and ensuring ZVS.

B. MAXIMUM EFFICIENCY POINT TRACKING STRATEGY
CONTROL LOOP
As demonstrated in previous subsection, the efficiency of the
topology can be improved reducing I, s by varying ¢. Find-
ing the optimal ¢ value would involve solving the derivative
of ¢ and equating to O in equation (78), which results in an
equation that is difficult to implement. A possible solution
would be to use a look up table, but due to component
tolerances, switching losses and variations caused by thermal
effects, the actual instantaneous optimum point would not
be reached. To simplify and ease the computational cost and
hardware required to perform the measurement, taking into
account the analysis of Section IV-A and the relationship:

Iy = Py + Il%l,rmsRloss (79)

Vi

where capital letters represent the average values and Ry
the overall loss resistor, the following method is proposed.
The maximum efficiency point tracking (MEPT) intends to
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FIGURE 10. l;; ;ms variation depending on v, and 4.

establish a secondary control loop that slowly varies ¢ to find
the optimum operating point of the converter by reducing the
averaged current consumed at the input /;, and ensure ZVS
while maintaining the power delivered at the output. In other
words, modify ¢ to minimize equations (78) and (79). For this
aim, it is proposed to use the Perturb and Observe method,
a widely known technique that has proven its effectiveness
in the solar energy sector and improved in [21], [22]. In this
technique, a small perturbation is applied to provoke the input
power variation. With a given period, the phase shift is mod-
ified and the evolution of the current at the input is observed.
At the end of the cycle, if the filtered input current /;;, is lower,
¢ is varied again in the same direction. Conversely, if [;, is
higher than in the previous cycle, ¢ is varied in the opposite
direction in this cycle. Consequently, the RMS current will
evolve to the corresponding minimum current point, marked
with a black point FIGURE 11. It is important to note that
when there is a change in ¢, f;,, varies to maintain regulation
at the output. Therefore, the increase or decrease in the phase
shift step should not be too high to maintain v, without ripple.
By solving for f5,, and linearizing (77), the variation of f;,, as
a function of ¢ is obtained:
o (D1 —D12—9) ViVy A

Jow = LP.N ¢ (80)

By making three cuts at different voltages in FIGURE 10,
FIGURE 11 is obtained, where the existence of an optimum ¢
value for each voltage that reduces the effective current in the
system can be seen in more detail. In addition, this control
is in charge of maintaining the ZVS operation and ensure
that the operation point is able to deliver the required output
power, so ¢ should never be less than a certain value, @iy.
It is important to maintain the ZVS condition to prevent
switching losses from increasing significantly. To guarantee
ZVS in all semiconductors, the anti-parallel diode must con-
duct and discharge the MOSFET capacities before it turns on:

i(t = Tsw) < —Inin (81a)
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FIGURE 11. Detail of l;, ;¢ variation.

i(t = (¢ + d2)Tsy) < —Inin (81b)
i(t = d1Tyw) > Lin (81¢)
i(t = ¢Tyw) > Lyin (81d)

Lyin represents the minimum required current to discharge
the parallel capacitance of the switching devices. Detailed
information about ZVS capacitances discharge can be found
in [23]. Rewriting (81) and (77), it is obtained:

_NVin — Vo + 8LuinLNf

4y,
Nviy —vo — 8LinLNfgy

4Nvi,,
_NVin — Vo — 8LyinLNfs,

Dumin > 4y, (82)
Nvip — vy + 8LyinlNfsy

4Nv,',,
ﬁﬂ\/vivo —-32L Pofsw,minn + vivo

4v;v,

where f5, min 1S the minimum allowed switching frequency of
the converter. The maximum value of ¢ from equation (82)
must be selected as the low saturation limit, ¢;,;,. The control
steps described above are summarized in the flow diagram
in FIGURE 12.

C. EXPERIMENTAL MEPT VALIDATION

FIGURE 13 shows how once the equilibrium point is reached,
the phase control starts to act and reduces the input current
by about 15%. Once the optimum point in FIGURE 13 has
been reached, the converter waveforms can be seen in more
detail in FIGUREI14. In it, it can be observed that the stage
operates in ZVS fulfilling equation (81). It is also important
to note that the final phase shift match the expected value
in FIGURE 11, since ¢ is at the minimum allowed value
given by (82), 0.056 for fo min = 25 kHz. Similarly occurs
when v, = 250 V as shown in FIGUREI1S5. Equation (81)
is also fulfilled, ensuring ZVS and ¢ results 0.85, matching
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FIGURE 12. Maximum efficiency point tracking control flowchart.

650A
10Ms  5MSis Edge Negatve

FIGURE 13. Effect of maximum efficiency point tracking control
on i;.From top to bottom: Output voltage v, (50 V/div) and input
current i; (5 A/div). Timescale (200 ms/div).

[ imebase 0.0 us] Trigger OGS
100 Aldiv 5,00 AldH] 100ysian Stop 350V
0.00Aoffsel .00 Aoffset 200k3  2GS/s Edge Negative

500 Vidiv
0V offset

FIGURE 14. Measured converter main waveforms: Po = 1 kW, v; = 200V,
Vo = 200 V. Yellow trace: Primary side voltage vp (50 V/div). Magenta

trace: Secondary side voltage vs (50 V/div). Blue trace: Inductor current iy
(10 A/div). Green trace: Output current ip (5 A/div). Timescale (10 us/div).

with the optimum value obtained in FIGURE 11. FIGURE16
compares the efficiency between the conventional phase shift
method and the proposed one at different input voltage levels.
The improvement in efficiency is most noticeable as the stage
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FIGURE 15. Measured converter main waveforms: P, = 1 kW, v; =200V,
Vo = 250 V. Yellow trace: Primary side voltage vp (50 V/div). Magenta

trace: Secondary side voltage vs (50 V/div). Blue trace: Inductor current i,
(10 A/div). Green trace: Output current ip (5 A/div). Timescale (5 ps/div).
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FIGURE 16. Efficiency comparative of the conventional ¢ control and the
proposed MEPT control.

moves away from its optimum operating point. At the opti-
mum voltage ratio, the proposed control presents a significant
improvement over the conventional one at high currents.

V. CONCLUSION

The paper presents a novel variable frequency digital out-
put voltage control of DAB based on a new parametric
small-signal model of the converter. This model is obtained
thorough the generalized state space averaged model that is
performed in a complete form and applied to a half bridge
configuration in order to design a digital variable frequency
control. Additionally, using ¢ as control variable, a second
slower control loop is added to find the point of maximum
efficiency. Both simulation and experimental results agree
corroborating theoretical predictions and the feasibility of
the proposal. Finally, main contributions of the paper can be
summarized as follows: Development of a novel analytical
small-signal model that is also suitable for half bridge DAB
and can be used for designing variable-frequency output volt-
age controllers, and efficiency improvement by means the
addition of a phase shifting control loop based on a perturb
and observe strategy.
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