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ABSTRACT The standard methodology to obtain the model of a power electronic converter is achieved
by averaging the state-space dynamics of the converter’s state variables. But the average of the transformer
current is null over a switching cycle in the resonant dc-dc converter. Therefore, the conventional method is
not suitable for resonant converters, including the phase-shifted bidirectional dual active bridge (PSBDAB)
converter. The two-time scale discrete-type models can resolve the problem associated with the standard
state-space averaging methodology. The time-scale segregates the dynamics of the PSBDAB converter into
fast and slow state variables, which can be modeled separately and eases the analysis of the PSBDAB
converter. The effect of the core-loss of the inductor, dead-time of the semiconductor devices, output
filter capacitor’s equivalent series resistance, semiconductor on-resistance, and the transformer copper loss
components are included in the model to improve its steady-state and dynamics characteristics. Moreover,
the stability analysis using a bifurcation diagram is carried out for the digitally controlled closed-loop of
the system. Furthermore, the critical gain for the stable region with variations in the circuit parameters like
load resistance, circuit equivalent inductance, and voltage demand is extensively studied. The modeling and
stability analysis is validated in the simulation and experimental setup. The results verify that the proposed
method accurately predicts the stable region with variations in the system circuit parameters. Thus this study
provides a guide to select and tune the controller parameter to ensure the converter operates within the
boundaries of the stable region.

INDEX TERMS Bidirectional converter, DC-DC converter, discrete-time model, dual active bridge, full-
order, modeling, phase-shift modulation, reduced-order, small-signal model, stability, time-scale model.

I. INTRODUCTION

The phase-shifted bidirectional dual active bridge (PSBDAB)
converter has been used extensively in various applications
like a solid-state transformer (SST) [1], more-electric air-
craft [2], automotive application [3], microgrid [4]. It is
of utmost importance to properly analyze converter behav-
ior and dynamic performance to get the best performance.

The associate editor coordinating the review of this manuscript and
approving it for publication was Meng Huang.
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A system’s dynamics or behavior can be studied through
detailed time-domain simulation (DTDS) software like
MATLAB, PLECS, PSIM. However, the computation burden
is much higher compared to its equivalent circuit model
(ECM) [5]. Moreover, the converter’s essential characteris-
tics, like the critical gain of the closed-loop controller to
ensure stability or the critical phase-shift between the bridge
to ensure soft switching, can only be obtained by manu-
ally tuning the control parameters. This requires a lot of
fine-tuning and becomes cumbersome when applied with
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varying circuit parameters. Therefore, there is necessary to
obtain a simple but accurate model to study the system’s
behavior. Moreover, the model of the system assists in select-
ing and designing the semiconductor device, inductor, trans-
former, filter capacitor, and closed-loop controller. There
are some modeling methodologies to obtain the ECM of
the PSBDAB converter that is classified as continuous-time
models and discrete-time models.

The simplest continuous-time model excluding input and
output filter components from the system dynamics has
two state variables. These two state variables (transformer
current and output filter capacitor voltage) are used to
study the nonlinear characteristics of the PSBDAB con-
verter [2]. The average of the transformer current in a full
cycle of the PSBDAB converter is zero [2]. Hence the
PSBDAB converter can be modeled by ignoring the effect
of the transformer current dynamics on the system behav-
ior. The expression of the output voltage or output cur-
rent (which is required for control) is obtained by studying
the dynamics of rectified transformer current [1]. This kind
of methodology where one of the state variables’ dynam-
ics is ignored is known as reduced-order modeling. The
reduced-order-model of the PSBDAB can be classified as
a continuous-time reduced-order model (CTROM) [6]-[11],
Fourier series reduced-order-model (FSROM) [1], [12] and
frequency domain reduced-order model (FDROM) [13]-[16].
Other methods use both state variables (full-order) to model
and study the large and small-signal behavior of the system.
These kinds of techniques to obtain the full-order model of
the PSBDAB converter are known as a generalized average
model (GAM) [17]-[22] and discrete-time model (DTM) [3],
[23]-[27].

The CTROM of the PSBDAB converter is also known as
average value modeling (AVM). Dependent current sources
substitute the semiconductor devices of the converter. The
expression of the dependent current source is the average
value of the current flowing through the semiconductor
devices over a time period of the converter. The AVM in [6]
is obtained from the expression of the power by applying the
conventional state-space averaging method [5], and then the
output current is obtained for the ideal case. The exclusion
of the system losses from the model reduced the overall
efficacy of this model. The effect of all kinds of system
losses except the core-loss of the inductor is considered
in [7], [11] to improve the model accuracy. This method is
extended to model a dual active half-bridge-converter in [8]
by only considering the dynamics of the output voltage. The
reduced-order modeling is also used to develop the model of
a modular architecture of the PSBDAB converter [10], which
helps to achieve the decoupled control strategies between the
modules.

The behavior of the PSBDAB converter is identical to
the synchronous machine model [1]. Therefore, its state
variables can be expressed as the sum of the fundamen-
tal and higher-order switching frequency components. Since
the primary and secondary voltages of the transformer
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are square waves or three-level pulse voltages, it can be
expressed as a Fourier series [12], [28]. Likewise, the Fourier
series expression can describe the transformer current, output
power, and output voltage [12] of the system. The small-
signal model (SSM) and large-signal model (LSM) obtained
through the FSROM is also a reduced-order type model due
to the zero average of the transformer current or the inductor
current.

The FDROM of the PSBDAB converter [13]-[16] is very
identical to the FSROM [1], [12]. The difference between
these two is that the current dynamics of the transformer
current are not studied in the FDROM. The ripple in the
transformer current and output voltage can be established in
the FSROM. The output power of the PSBDAB converter
is first computed using the infinite series sum followed by
obtaining the expression of the output voltage. Similar to the
CTROM [7], the equivalent SSM and LSM of the PSBDAB
converter can be expressed through the dependent current
source. The frequency-domain modeling in [14] is applied to
model phase-shift, or duty cycle modulated control [29] of
the PSBDAB converter. The same method has been applied
to the three-phase PSBDAB converter [13]. A new frequency
domain methodology based on the Floquet and Hill the-
ory [30] is proposed to obtain the SSM and LSM of the
PSBDAB converter [15]. The model in [15] also includes out-
put and input filters in the system’s model. In [16], the authors
have analyzed the steady-state operation of a high-frequency
PSBDAB converter wheOn the switching transition times
cannot be neglected. It has been shown that expressions of
power and the soft-switching range can be inaccurate if volt-
age transitions are considered instantaneous. This scenario is
essential for the wide bandgap (WBG) devices that have low
output capacitance.

The conventional continuous-time state-space based mod-
eling of a power electronic converter system is based on the
assumption that the DC part of its Fourier series dominates
the behavior of the state variable. However, it is not true in
the case of the resonant converter like the PSBDAB converter.
Therefore, GAM includes the dc term, cosine term, and sine
term of the Fourier series, which improves the dc-dc con-
verter’s modeling accuracy [17]. The averaging of the Fourier
series is performed on the finite time duration of the state
variables. The first literature to model a power electronic con-
verter using GAM was proposed by Sanders at MIT [17]. The
same methodology is then applied to the PSBDAB converter
by Qin [18]. However, when the ESR of the input or output
filter capacitor is added to the GAM, the number of state vari-
ables is increased from three to six. The accuracy of the GAM
is compromised to simplify the model by disregarding cosine
and sine components of the higher-order Fourier series term.
The higher frequency Fourier series component of the switch-
ing frequency is added to GAM in [21] to improve the efficacy
of the SSM and LSM. But the number of state variables is
increased to nine. The performance of GAM is much better
for the three-phase PSBDAB converter due to the absence of
the odd multiples of the third harmonic switching frequency
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FIGURE 1. Detailed diagram of the PSBDAB converter.

component in the Fourier series [9]. This helps to accurately
predict the stable region of the three-phase PSBDAB dc-dc
converter [22]. The efficacy of the single-phase PSBDAB
converter can be improved by introducing a correcting factor
that compensates for the error caused by the absence of the
higher-order Fourier-series component [19]. The correcting
factor uses the analytical solution of the power flow [28]. The
accuracy can be further improved by introducing a second
correcting factor to compensate for the system losses [20].
Moreover, the same methodology is applied to phase-shift,
and advance modulation strategy [29]. GAM can also be
used for the stability prediction of the three-phase PSBDAB
converter [22]. However, GAM’s accuracy is only good when
two correction factors are introduced [20], or a high number
of the state variable is included in the model [21].

The power electronic converter system modeling can be
obtained through the discrete-time domain to predict the
steady-state, and dynamic response of the pulse width mod-
ulated converters [31]. The discrete-time system can give the
state variable’s information at each sub-interval. The infor-
mation of the transformer current at the switching time helps
to study the zero voltage switching region of the PSBDAB
converter [27]. The accuracy of the SSM obtained through
DTM of a dec-dc converter is better than its continuous-time
counterpart [32]. The DTM of a PSBDAB converter has been
developed in [3], [23]-[27]. The modeling approach in [3],
[24] does not explore the behavior of the systems at steady-
state, open-loop, or the stability of the system. The bilinear
DTM is used to predict the stability margin of a closed-loop
system. However, bilinear DTM doesn’t discuss the behavior
of the converter’s dynamics in the open-loop, which helps
to integrate the battery with the PSBDAB converter [2]. The
mixed system-based modeling of the PSBDAB converter is
proposed in [27]. Although the modeling obtained in [27]
discusses the LSM of the model unlike, [3], [23], [24], the
system loss is neglected in the model. The mixed system
model developed in [27] is lossless, which limits its accu-
racy at a higher frequency. Moreover, the absence of the
transformer current dynamics limits its use in the stability
analysis of the model. Therefore, a time-scale model consid-
ering the dead-time of the semiconductor devices, core-loss
of the inductor, and other system non-linearity are included in
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FIGURE 2. Operating waveform of a PSBDAB converter.

the proposed model to improve the LSM, SSM, and stability
prediction PSBDAB converter.

The properties of the proposed two-time scale model for
the PSBDAB converter and contributions of this paper are
summarized as:

1) The proposed two-time scale model (TTSM) incorpo-
rates output filter capacitor ESR. The model obtained
from the time-scale model results in a full-order DTM.
The inclusion of the filter ESR improves the stability
prediction of the system.

2) The proposed TTSM includes the dead-time of the
semiconductor devices and core-loss of the exter-
nal inductor, which improves the SSM and LSM
in the light and heavy load. The past work on the
TTSM [27], [33]-[36] only provides an ideal model
of the converter. The unavailability of the system loss
component from the model affects its steady-state and
dynamic accuracy.

3) The effect of circuit parameters like load resistance,
filter capacitance, external inductor inductance, and the
voltage demand on the stability prediction is discussed.

4) A detailed analysis and comparison of proposed
TTSM, FSM [1], [12], AVM [7], DTM [24], GAM [18]
for the open and closed-loop behavior of the system
have been presented. The proposed TTSM offers the
best accuracy among the methods in the literature.
Moreover, the proposed model can predict the critical
gain to ensure the stable operation of the converter.

Il. CONVERTER OPERATION AND ITS DESCRIPTION

The PSBDAB converter consists of two H-bridges connected
through the medium frequency ferrite transformer. There is an
external inductor L.,; connected between the transformer and

VOLUME 10, 2022



M. T. Igbal et al.: Detailed Full-Order Discrete-Time Modeling and Stability Prediction

IEEE Access

one of the H-bridge, as shown in Fig. 1. The external inductor
Ly can be used as a control parameter to limit or manage the
power flow in the PSBDAB converter [37]. The transformer
primary to secondary turn ratio of the converter is denoted
by Nps. The output filter capacitance, switch conduction loss
resistance, transformer input side & output-side resistance,
the inductance of the external inductor, external inductor total
loss resistance, and load resistance is denoted by C,, Ry,
Ryt Ryry Lext, Rey, and R, respectively. The effective loss
resistance of the inductor R, consists of the core loss com-
ponent R, and the copper loss component R.,. The overall
resistance and inductance of the PSBDAB converter referred
to the output side of the transformer is denoted by r,; and L.
The exact expression of Tes and Lef can be represented as,

Tep = 2st(N;s + 1)+ N[?SRPf + Rext + Ry (1
Lef = Lext + NPZSLpt + LSZ (2)

The wide bandgap semiconductor devices like SiC or GaN
can be used to form an H-bridge, which improves the effi-
ciency and power density of the converter. The signal from
the controller given to the semiconductor devices Sp1 — Sp4
and S51 — Sg4 has a 50% duty cycle. The flow of power is
controlled through the phase-shift difference between the pri-
mary and secondary side bridges V), and Vj, respectively. The
steady-state waveform of the primary-side bridge voltage,
secondary-side bridge voltage, transformer current, rectifier
transformer current, and output filter capacitor voltage of the
converter are shown in Fig. 2. The phase difference between
the bridges for the primary and secondary for the forward
power flow is dT /2. The analysis and expression of the induc-
tor current, output voltage, or other important characteristics
of the system remains the same for input voltage greater than
the output voltage or vice versa. The waveform in this paper
shown in Fig. 2 assumes that the input voltage is greater than
the output voltage. There are four sub-intervals in the phase-
shifted controlled PSBDAB converter, as shown in Fig. 3. The
description of each sub-interval for the forward power flow is
as follows.

a) Sub-interval I [#g, #1]: The gating signals are applied
to the primary side switches Sp; and Sp4 to turn it on at
to. The voltage across the input side H-bridge (Vp) for the
first sub-interval is V;,. Since switches Sy» and S,3 are still
conducting, the voltage across the H-bridge at the output
side Vg will remain at —V,,. The voltage across the external
inductor Vj,4 is more than zero in the first sub-interval; the
transformer current i(#) increases from Iy to /1. The negative
transformer current at time-instant fy illustrates the switch S
and Sp4 are turned on with zero voltage switching.

b) Sub-interval II [z, #,]: The secondary side switches Sy
and Sg4 are turned on at #1. The input side H-bridge voltage
V), remains the same at V;,. The polarity of the voltage across
the H-bridge at the output side Vg changes from —V,, to V,,.
The transformer current increases in this sub-interval from
I to I,. However, the transformer current will decrease from
I to I when N, Vjy is less than V,. The positive transformer
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FIGURE 3. Equivalent circuits during each sub-intervals.

current at time-instant #; depicts the switches S5 and Ss4 are
turned on with zero voltage switching.

¢) Sub-interval [12, #3]: The primary side switches S, and
Sp4 are turned off & Sy,» and Sy,3 are turned on at #,. Therefore,
the polarity of the input side bridge voltage changes from
Vin to —Viy,, as shown in Fig. 2. The secondary side bridge
voltage Vg remains the same at V,. The voltage across the
external inductor Vj,4 is less than zero, the transformer cur-
rent decreases from I to I3. The positive transformer current
at time-instant , means that the switches Sy, and Sp3 have
been turned on with zero voltage switching.

d) Sub-interval IV [#3, t4]: The gating signal to the output
side semiconductor devices Sy; and S;4 are removed, while
gating signals are applied to the devices Sy, and Sg3 at #3. The
input side bridge voltage for this sub-interval is the same as
the last sub-interval at Vj,. The output side bridge voltage
Vs reverse its polarity from V, to —V,. The transformer
current reduces from /3 to Iy for NysV; > V,. The negative
transformer current at time instant 3 means that the devices
Ss1 and Sy4 are turned on with zero voltage switching. The
fourth sub-interval end at the switching period 7.

IIl. CONVENTIONAL DTM OF A PSBDAB CONVERTER
The state variables of the PSBDAB converter are trans-
former current and capacitor voltage. The dynamics of the

31871



IEEE Access

M. T. Igbal et al.: Detailed Full-Order Discrete-Time Modeling and Stability Prediction

state-variable in each sub-intervals can be represented as [23],

x1(t) = A1x1(t) + B1Vin 3)
Xo(t) = Asxa(t) + B2 Vi )
X3(t) = Asxa(t) + B3Viy 5
X4(t) = Agxa(t) + B4Viy (6)

where, « = 1,2,3,4 denotes the sub-interval of the
PSBDAB converter equivalent circuit as shown in Fig. 3.
xo() = [i ve]" represent state-variables of the PSBDAB
converter, while the variables A, and B, represents state
matrices of the system. The expression of state matrices
depends on the output filter capacitance, transformer turn-
ratio, and other circuit parameters of the converter. The state-
matrices A| — A4 and B — B4 in each sub-intervals can be
expressed as [23],

o1 A
Ar=| Lo B | Ay=]| Tt Iy (7
_1 =1 1 1
L~ T, RC, ¢, TRC,
[ Nps _ Nps
Bi=|"% |, Bs=| ™ |x (8)
0 0
A3 =A;, Ay4=A1, Bo=B1, B4=583 9

The solution of differential equations given by (3) - (6) can be
evaluated by the conventional method of linear algebra [38].
These differential equations can be solved with the help of the
state variable initial value, matrix exponential that depends
on the circuit parameters, and time-period of sub-interval and
voltage at the input side of the converter V;,, [38]. The unified
solution of differential equations (3) - (6) is expressed as,

X1 = f Win, X)) = €Y 4+ TV, (10)

where,
[pj At —1 fo:
n:/‘em@m=@(ﬁw—0@ (11)
0

where k = 0,1,2,3 and j = k + 1 defines the state-
vector x; for time-interval # to t; as shown in Fig. 3. I is the
two by two identity matrix. The phase-shift of the PSBDAB
converter is unaltered in each switching period T as the gating
signals to the semiconductor devices are supplied through the
digital signal processor [39]. The solutions of the expressions
(3) - (6) can be determined by using the standard linear
algebra given by (10) as shown below,

x1 = ixg + T Vi (12)
xy = 22y 4+ ThV, (13)
x3 = ¥ xy + T3V, (14)
x4 = M3 + T4V, (15)

where x; represents the state variable at the end of the i sub-
interval fori=1,2,3,4. xo and x4 are state variables at the start
and end of the switching cycle with time-period 7', as shown
in Fig. 2. The sub-intervals I-IV of the PSBDAB converter
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repeats itself each switching cycle at the steady-state. More-
over, changes in the state variables during a switching cycle
T add to zero. Therefore, the state variables at the start of
the switching cycle xg will equal the state variables at the
end of the same switching cycle x4. The expression of the
state variable [i v.] at time-instant 4 represented by x4 can be
evaluated by substituting the exact expression of x3, x, and
x1 from (12) - (14) into (15). The discrete-time expression of
x4 can be written as,

x4 = E(P)xo + £ (P)Vi (16)
where
E(D) = Mra 33 A2l A1) a7
C(®) = a3 M2 T 4 Ml M3,
+eMihaT3 4Ty (18)

The state variable x4 in (16) involves matrix-exponential that
is cumbersome and hard to gain useful or important infor-
mation about the PSBDAB converter’s behavior. The model
obtained through the conventional linear algebra method (16)
is challenging to use for the controller design and tuning its
parameters. The model given by (16) can be made simple by
expanding the exponential matrix [3]. The simplest matrix
exponential expansion is first-order or second-order approx-
imation that can be represented as,
242
N =+ Ajty; or I+ Ajty + % (19)

The simplest first approximation of the exponential matrix
approximation using (19) gives accurate information about
the transformer current. However, there is a significant dif-
ference between the actual value and the predicted value from
the first-order approximation in the output voltage v,, as dis-
cussed in [40]. Therefore, most of the literature on the DTM
uses a second-order approximation of the matrix exponen-
tial. Although the second-order approximation of the matrix
experiential has good accuracy, the resultant model obtained
is more complicated than the continuous-time models like
CTROM, FSROM, or FDROM. The problem associated with
the complexity of the model due to matrix exponential can be
eased by a two-time scale model. The theory and the detailed
explanation of the mixed system model, which includes time-
scale modeling, are well explained in [41].

IV. DETAILED ANALYSIS OF THE PROPOSED TTSM FOR
THE PSBDAB CONVERTER

The presence of a big filter capacitor at the load side does not
allow the output voltage of the PSBDAB converter to vary
significantly in a short period of time. But, the transformer
current i(¢) has a large ripple change from the negative peak
to the positive peak in a switching cycle of T. The output
voltage of the PSBDAB converter acts as a slow state variable
(SSV), while the transformer current behaves as a fast state
variable (FSV). After the SSV and FSV are defined based
on their inherent properties, the time-scale-based generalized
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theory proposed in [42] can be used. The analysis is carried
out in the existing literature [27], [33]-[36] by ignoring the
loss component of the system (copper loss and semiconductor
on the resistor, filter capacitor ESR), which in turn reduces the
accuracy of the SSM.

The core loss of the transformer is neglected in this paper
because it does not have a significant impact on the accuracy
of the SSM or on the stability analysis of the PSBDAB
converter [7], [23]. However, it does affect the efficiency
of the system, especially at the light load in the phase-shift
modulation. Moreover, the efficiency of the phase-shifted
controlled PSBDAB converter is thoroughly studied in [7].
Therefore, the study of the efficiency of the converter is not
included in this paper.

The transformer current (FSV) dynamics will be evaluated
in the beginning, while the SSV (input and output voltage)
will be considered as fixed variables in one particular sub-
interval. Subsequently, the dynamics of the SSV will be
solved. The circuit state equation of the transformer current
and the output voltage in the first (#y,#;) and second sub-
interval (#1,f2) can be represented as,

: di(t)
rEfl(t)+L6f7 :Npsvin(t)"f‘vo(t) Vit e (fo, 1) (20)
refi(t) + Lel % = NpsVin(t) — V(1) Vte(t,) (21)
Vo(t) = ve(t) + ia(t)Re — ig(t)R: V1 € (to, 12) (22)

The rectified current i;(¢) flows opposite to the transformer
current in the first sub-interval, i.e., igy(t) = —i(t) and in
the same direction in the second sub-interval i;(t) = i(t).
The expression of the output current i,(¢) is the same in all
sub-intervals (I-IV) as, v,(¢)/R. It is important to express the
dynamics of the transformer current as a function of state
variable v.(#) and input voltage v;,(¢) for the first sub-interval
I. The expression of i(f) w.r.t state variables is obtained
from (20) - (22). The resultant expression of i(z) with i,(¢) =
vo(#)/R can be written as,

di(t) o+ Rv.(t)  RR.i(t)
—_— = V; —

dr psman R+R. R+R,
The expression of the transformer current is further modified

to make the modeling and analysis of the PSBDAB converter
simpler and easier, as shown below,

repit) + Le (23)

di(t
ri(t) + Ld_(t) = mvp(t) 4+ v.(1) 24)
where,
RR. R
= — 11+ —}, 25
r ref+R+Rc{+R} (25)

R. R,
m:NpS{1+E}andL=Le{l+F} (26)

The expression of the transformer current for the first
sub-interval is obtained by using the conventional first-order
differential equation solution,

i(t) = i(t)e ™ +

mvi(t) +ve() o
- (1—e7) @)
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where T = L/r. i(ty) is the current at the start of the
switching period or sub-interval I. Likewise, the dynamics
of the transformer current for the second sub-interval II have
been expressed in (28). i(f) is the current at the start of the
sub-interval II.

i(t) = i(t)e ™ +

mvi() = ve() e
- (1—e7) (28

Once the dynamics of the transformer current in the first and
second sub-interval is obtained (27) - (28), the expression
for the capacitor voltage v.(f) can be obtained by averaging
the transformer current dynamics over the first sub-interval
as discussed in [33], [41]. The expression of the capacitor
voltage for the first-sub-interval is denoted as,
c, dv;t(t) — i) — vOREt)

The above expression of the capacitor voltage needs to be
rewritten as a function of the state-variable [i v.]7. It can
be obtained by substituting the expression of v, from (22),
io(t) = vo(t)/R and iy (t) = i() into (29),

c% = —i(r) — V‘Tft) with € = G, [ 1+ %] (30)
The capacitor voltage at the end of the first sub-interval can
be obtained by integrating (30) from zero to #; [33], [41].
Therefore, the expression of the capacitor voltage for the first
and second sub-intervals can be written as [33], [41],

(29)

B 1 (i Iy, ve(to)
ve(t)) = ve(to) + E/O —i(t)dt — “CR 31
and
_ 1 [ tp,ve(t1)
ve(t2) = ve(ty) + E/o i(t)dt — “CR (32)

The exact expression of the transformer current at the end of
the first and second sub-interval can be evaluated by substi-
tuting “¢t = #,1” and “t = 1,5 in (27) and (28), respectively.
The transformer current at the end of the first and second
sub-interval as a function of the state variables and circuit
parameters can be written as,

l(tl) — l(t())e# + M(l _ e_tpl/l') (33)

“2 mvito) + ve(to) (1 . e—tpz/r)
r

() =i(t)e = + (34)

The converter dynamics of the SSV at the end of the
sub-interval I and II can be evaluated by substituting the
expression of the FSV from (27) and (28) into (31) and (32).
The resulting capacitor voltage is expressed in (35) and (36).

ve(ty) = i(to)%@ i)

t t
+vc(to)[1 — 2 _ 2 i(l - e—fpl/f)]

rC RC rC
lpl T —11/T :I
Min| 5T e\l me™ 35
moul 2 = 1= (35)
and
T —
V() = l(tl)i(l —e lpz/r)
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1 1577} T _
ol =22 _ P T tpz/r]
el ‘)[ ¢ ke Trelme™D
t
+mv"”[% B %(1 B e_tpz/r)] (36)

The SSV and FSV of the PSBDAB converter for the first
two sub-intervals have been developed in (33) - (36). The
PSBDAB converter’s discrete-time model can be obtained
using (33) - (36). The state-space model for the first and
second sub-interval is represented as,

x(t1) = ¢1x(to) + V1vin(to) (37
where
’ e~ /T (e %)
1= ~ipy —p
|—FU e 1= -t el —e)
(38)
— m(l—eitpl/r)
Y1 = g (39
[ = (1= /)]
and
x(f2) = ¢ax(t1) + Y2vin(to) (40)
where
" I e /T —(1—6;%/1)
2 = —ip t t —ipy
20— 12— Rt (- )
(41)
— m(lfeitpz/z)
Yo = ’ (42)
Bz — (1= el

The standard state-space matrix for the first two sub-interval
can be written as,

x(t2) = ¢12x(t0) + V12Vin (43)

where

12 = o1 and Y12 = (21 + ¥2) (44)

Once the model is derived for the half-cycle, there are two
methods to obtain the full model. Either by using the same
methodology to achieve the state equation for the III and IV
intervals as done in [23] or using the half-cycle symmetry
proposed in [31]. In this paper, the half-cycle symmetry
property of the resonant converter is exploited to obtain the
state variable dynamics for the next two sub-intervals [31].
The in-depth explanation of the half-cycle symmetry is dis-
cussed in [31]. The final discrete-time model of the PSBDAB
converter over a switching period in terms of the first two sub-
intervals can be written as,

x(ty) = {Wei2) x(to) + {Wepro + I Wipiavin (45
where
—-10

W= (46)
01
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A. LARGE-SIGNAL MODEL

It is vital to develop the steady-state expressions of the trans-
former current and output voltage to study modeling and the
stability prediction of the system [23]. The half-cycle symme-
try is used to obtain the expression of the state variables [31].
The steady-state transformer current at time-instant #; will
have the same magnitude with an opposite polarity of the
transformer current at the time-instant f¢. This is due to its
odd half-cycle symmetric property, as shown in Fig. 2. But
the capacitor voltage has an even half-cycle symmetric prop-
erty. Therefore, the magnitude and polarity of the capacitor
voltage at time-instant #, will be the same as that of capacitor
voltage at time-instant #g, as shown in Fig. 2. Therefore, the
steady-state expression of the FSV and SSV at the end of the
second sub-interval w.r.t. start of the first sub-interval I can
be written as,

ir(10) = —ir(12) and ve(tn) = vo(te) (47)

The combination of (43) and (47) can be written as,

-10 i(tr) i(to)
= é12
0 1| |ve(r) ve(to)

Xss = (W — ¢12) " Wriavin (49)

The state variable dynamics of the PSBDAB converter over a
switching period T is expressed in (45). The LSM of the out-
put voltage v,(z)/d(z) can be achieved through z-transform
on (45).

G@) = [0 11{zl — (W12} " Wia + DWrivi  (50)

The transfer function (50) of the open-loop is essential to
study the complex system , which involves the PSBDAB con-
verter like modular structure [10]. The ECM of the PSBDAB
converter given by (50) reduces the overall time to run a
simulation compared to the DTDS. The reduced time required
by ECM is beneficial to study the characteristics of the
PSBDAB converter with the energy storage like battery, ultra-
capacitor [2] that need to operate for a long time around,
an hour or more.

+ Yiovin  (48)

B. SMALL-SIGNAL MODEL

It is vital to study the system’s behavior around its equi-
librium point. The study about its equilibrium point is also
known as the SSM of the converter [S]. The SSM is required
to select and design a controller to ensure stable operation
throughout the operating range. The SSM is obtained by
perturbing and linearizing the LSM (45) around its operating
point.

The waveform of the PSBDAB converter shown in Fig. 2 is
under the steady-state operation. However, it takes a number
of cycles to reach equilibrium [5]. We assume in this study
that the steady-state is reached at the 5™ cycle. Therefore,
it can be concluded that the state variables at the time-instant
1o are equivalent to the state variables at the start of the 5"
cycle and the state variables at the time-instant 74 is equivalent
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to the state variables at the end of the 5™ cycle or the start
of the (7 + 1) cycle, respectively. The state variable at the
start and end of the 5™ cycle is denoted by xy and x4 1. The
phase-shift in the n™ is represented by dyTs/2. The non-linear
state equation given by (45) can be rewritten separately for
state variables as,

X1(p+1) = &1(X15, X277, Vin, dyy) (51
X2m+1) = &2(X1y, X255 Vins dy) (52)

The above non-linear equations (51) and (52) need to lin-
earized around the operating point by perturbing the state
variables, control variable, and the input voltages as [5],

X1(+1) = Xigs + 8X10941) (33)
X(n+1) = Xogs + 8X20+1) 54
Xlp = Xiss + (len, Xon = Xogs + 8x217 (55)

dy = d 4 8dy, Vipy = Vin + 8vin (56)

X1ss» Xoss, d, and Vy, are the steady-state value of the trans-
former current, capacitor voltage, phase-shift, and the sup-
plied voltage of the PSBDAB converter, respectively. 8x1(;41)
and 8xp(,+1) represent perturbation in the transformer current
and capacitor voltage in the (n + 1) cycle, respectively. dx1y
and dx1, represent perturbation in the transformer current and
capacitor voltage in the " cycle, respectively. ody and 6v;y
represent the perturbation in the phase-shift and input voltage,
respectively. The expressions given by (53) - (56) can be used
to linearize (51) and (52) to form standard state-space SSM
of the PSBDAB converter,

dg1 981

SX1n+1) | _ | Fwyy gy | | O%10
T | 9 0
x20p+1) Toy oaay | L O%20
91 g1
+ | 0 sdy 4+ | B | i (5T)
g2 g2
ady Wing

The large-signal model of the PSDAB converter (45) is com-
pared to (51) and (52). Subsequently, the generalized expres-
sion (57) is used to obtain the SSM of the PSDAB converter.
The simplified expression of the SSM can be represented as,

8xnt1 = Agdxy + Byddy + Cidviy (58)

where,
As = (Wnn)*, Cs=(Weia+DHWira (59)
B, — Won+t 1>Ww1§;/,-n +Wo’Xs o

The SSM of the PSDAB converter can be achieved by
applying z-transform on (58), which results in control to
capacitor voltage transfer function and input voltage to the
capacitor voltage transfer function as,

_ | e _ A
Gya(2) = 5, () MZO—[O 1@ —Ag)" "By (61)
Gyi(z) = (SAV n =011 —Ap~'Cs (62)
Vin(2) 8d,=0
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FIGURE 4. Block diagram of a digital controller.

C. STABILITY

The closed-loop block diagram of the digitally controlled
PSBDAB converter is shown in Fig. 4. The study of the
stability analysis for a proportional controller is taken as
an example for its simplicity. The feedback output volt-
age from the ADC is sampled at the start of the switch-
ing period. Therefore, digital control implementation always
causes a unit delay. The difference between the sensed out-
put voltage and the reference voltage is fed to the propor-
tional gain. The output of the proportional gain block gives
the required phase-shift between the input and output side
bridge voltages. The approach to obtain the stability pre-
diction for proportional-integral (PI) control, proportional
integral plus derivative (PID) control, or any other control is
almost similar. The digitally controlled phase-shift (d) for the
closed-loop block diagram of the PSBDAB converter shown
in Fig. 4 can be represented as,

dyt1 = kg(Vrer — Vo) = kg(Viegr — Mesrxy) (63)

where,
RRc R
R+R. R+ R,

When output filter ESR is ignored, the output voltage equals
the capacitor voltage, i.e., M,z = [0 1]. However, output fil-
ter ESR is considered; the output voltage expression depends
on both the output filter capacitor voltage and the rectified
transformer current iy. The voltage is sampled at the start
of each cycle. Therefore, the output voltage’s expression in
terms of the state variable can be attained from (45), as shown
in Fig. 4. The final discrete-model (45) and (63) can be used
for the stability prediction of the DSP controlled closed-loop
PSBDAB converter.

M, = [ ] Vd € (0, 0.5)

V. EXPERIMENTAL VALIDATION OF THE TTSM

The circuit parameters of the experimental prototype are
shown in Table 1. The low on-resistance MOSFETSs are
selected as semiconductor devices. The ETD core material
of the transformer (ETD59) and external inductor (ETD49)
is 3C90, developed by Ferroxcube. The inductor is designed
with a magnetic flux density of 200 mT. The core loss per
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TABLE 1. Circuit parameters.

Parameter Value
Supplied Voltage (Vi) 60 Volt
Switching Frequency (fs) 15 kHz
Transformer series resistance (R¢p, R¢s) 100 mQ
Transformer leakage inductance (Ltp, Lts) 2510
Transformer turn ratio (Nps) 0.975
External inductor inductance (Ley) 105 pH
External inductor copper loss resistance (R¢y) 50 mQ
External inductor core loss resistance (Rco) 150 mQ
Load resistance (R) 11Q
Filter Capacitance (C,) 165 puF
Filter Capacitor series resistance (R.) 150 m$2
Semiconductor device on-resistance (Rs) 15 mQ
Semiconductor gate-driver UCC5390
Semiconductor devices IRFP4321PBF

unit volume (p4) of the inductor can be calculated as per the
datasheet from the Ferroxcube [43]. The core-loss for ETD49
core and 3C90 material is around 150 mW /cm3 [43]. The
effective core volume (V) of the ETD49 core is 24000 mm?>.
Therefore, the effective power loss due to the core loss,
equal to pgV, in the external inductor, will be around 3.5 W.
The transformer current’s root means square (RMS) for the
phase-shifted PSBDAB converter is around 5A with little
variation around the light and heavy load. However, the RMS
current is assumed to be constant in this paper for simplicity.
The effective resistance due to core-loss can be calculated
as around 150 mS2 as mentioned in Table 1. The digital
implementation of the converter results in a unit delay of one
switching period [14]. The unit delay can be approximated by
a first-order pade approximation as given in (64). A low-cost
analyzer (Digilent analog discovery 2), a part of the national
instrument corporation, has been used to obtain the small-
signal response.

T

1 4sT)2 ©4)

The dead-time of the semiconductor devices is 75 cycles
of the 150 MHz DSP. The dead-time can be calculated as
the product of the number of cycles and time-period of
the oscillator of the digital processor, which corresponds to
500 ns. This dead-time causes the deviation in the phase-shift
between the bridge voltages (v and vsc) from dT /2 to (d +
dg)T /2. The 500 ns dead-time causes the phase-shift of the
converter to increase by dg; = 0.015. However, the value of
d gy will change around the critical phase-shift d..,. The critical
phase-shift d. is the minimum phase-shift of the system
to ensure the soft-switching operation of the converter. The
value of the critical phase-shift can be calculated, as discussed
in [44]. Moreover, the dead-time will not cause any deviation
in the phase-shift for d > d.,.
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FIGURE 5. Steady-state bridge voltages and transformer current.
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FIGURE 6. Comparative results of the output voltage obtained under the
proposed and other models.
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FIGURE 7. Comparative results of the root mean squared percent
error (RMSPE) of the output voltage from the various model.

A. EXPERIMENTAL VALIDATION OF THE LSM OF THE
PSBDAB CONVERTER

The steady-state PSBDAB converter waveform of the trans-
former current, input, and output side bridge voltages at
(d = 0.25) are shown in Fig. 5. The predicted comparative
results and root mean squared percent error (RMSPE) of
the output voltage from the various method in the literature
along with the proposed method are shown in Fig. 6 and
Fig. 7, respectively. The output voltage from hardware results,
proposed TTSM, FDROM [14], CTROM [7], GAM [18],
and FSROM [12] at d = 0.05 are 14 V, 139 V, 93 V,
10.6 V, 8 V and 12.5 V, respectively. The results from the
proposed TTSM and hardware results are almost the same,
with a percentage error of only 0.7 %. The FSROM pro-
vides a better prediction of the output voltage than the other
models due to the incorporated dead-time effect while mod-
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FIGURE 8. Open-loop response G(z) of the PSBDAB converter for a step increase in the control variable ‘d’ (a) from 0.05 to 0.075 (b) 0.25 to

0.35.

eling. The output voltage from hardware results, proposed
TTSM, FDROM [14], CTROM model [7], GAM [18], and
FSROM [12] at d = 0.45 are 46.1 V, 46.5 V, 482V, 473V,
48.8 V and, 48.1 V, respectively. Likewise to the light load
performance, the proposed model has the best accuracy, with
a percentage error of around 0.9 %. The RMSPE of the
proposed TTSM, FDROM [14], CTROM [7], GAM [18], and
FSROM [12] are 0.6 %, 12.9 %, 9.35 %, 17.8 % and 4.9 %,
respectively as shown in Fig. 7.

The PSBDAB converter integration with the energy storage
( battery or ultra-capacitor) needs to be operated for a long
time to study the charging and discharging behavior of the
energy storage. The DTDS demands a very high computation
and takes a longer time than the ECM simulation. Therefore,
the model developed in this paper (50) can be used to study
the charging and discharging behavior of the energy storage
integrated with the PSBDAB converter. The open-loop trans-
fer function (50) is implemented in MATLAB. Initially, the
system was operating at light-load with d = 0.05. At =
0.5 s, the variable d is changed from the 0.05 to 0.075. The
output voltage also increases due to a step-change in the
variable d. The proposed model gives the best accuracy and
predicts the response of the open-loop behavior with almost
no error, as seen from Fig. 8 (a). The accuracy of the various
models is compared at heavy load with step-increase in the
variable d from 0.25 to 0.35, as shown in Fig. 8 (b). The
proposed TTSM accurately predicts hardware results with
almost no error compared to other models.

The output voltage open-loop response obtain from all
models and experiment shows first-order behavior. This is
due to the fact that the transformer current has a pole and
zero very near to each other. Therefore, they cancel each
other and have little impact on the open-loop behavior of the
converter. The proposed method gives the best results com-
pared to the other proposed model in the literature, as visible
from Fig. 8.

B. EXPERIMENTAL VALIDATION OF THE SSM OF THE
PSBDAB CONVERTER

The comparative study of the existing literature and the pro-
posed TTSM is studied in this subsection. The effect of the
capacitor current dynamics on the SSM is ignored in this
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study for simplicity. The magnitude plot of the proposed
model is obtained from (61). The frequency response at light
load (d = 0.05) is shown in Fig. 9. The low-frequency gain
at 10 Hz from the hardware, proposed TTSM, conventional
DTM [3], [24], FDROM [14], CTROM [7], GAM [18], and
FSROM [12] are 44.1 dB, 44 dB, 44.4 dB, 44.8 dB, 45.1 dB,
43.8 dB and, 44.6 dB, respectively. The high-frequency gain
at 4 kHz from the hardware, proposed TTSM, conventional
DTM [3], [24], FDROM [14], CTROM [7], GAM [18], and
FSROM [12] are 12.4 dB, 12.4 dB, 11.7 dB, 10 dB, 12 dB,
11 dB and, 11.7 dB, respectively. The proposed TTSM has
discrepancy of only 0.1 dB at 10 Hz and null at 4kHz,
respectively.

The phase response is obtained using (61) in MATLAB.
It is important to note that the phase caused by the sensor and
the unit delay is omitted in the hardware results. Moreover,
the discrete-model [3], [24] and the proposed model are
converted from the discrete-model to the continuous model.
A small phase is obtained at the low frequency (10 Hz) around
-6°, as seen from Fig. 9. The phases at the higher frequency
(4 kHz) from the experiment and the rest of the models are
around —88.6° and —92°, respectively.

The frequency response at heavy load (d = 0.25) is shown
in Fig 10. The low-frequency gain at 10 Hz for d = 0.25 from
the hardware, proposed TTSM, conventional DTM [3], [24],
FDROM [14], CTROM [7], GAM [18], and FSROM [12] are
37 dB, 38 dB, 39.2 dB, 39.72 dB, 39.72 dB, 40.7 dB and,
39.2 dB, respectively. The high-frequency gain at 4 kHz from
the experiment, proposed model, conventional DTM [3], [24],
FDROM [14], CTROM [7], GAM [18], and FSROM [12] are
7 dB, 6.9 dB, 6.4 dB, 6.6 dB, 6.6 dB, 8.2 dB and, 6.2 dB,
respectively. The proposed TTSM has discrepancy of only
1 dB at 10 Hz and 0.1 at 4kHz, respectively. However, rest
of the model has more than 2 dB error at the low frequency.

The phase response at d = 0.25 is shown in Fig. 10.
Identical to the low phase-shift (d = 0.05), the phase-response
of all models atd = 0.25 are identical. All models can predict
the phase response correctly. There is a small discrepancy
of around 3-4°. It can be seen from Fig. 9 and 10 that the
proposed model provides better accuracy for the magnitude
plot at low and high frequencies compared to other previously
presented models.
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FIGURE 9. Bode plot of G, 4(s) at d = 0.05.

VI. STABILITY ANALYSIS OF THE PSBDAB CONVERTER
The circuit parameter of a system has significant effects
on the system’s stability and dynamic behavior. The output
voltage and transformer current can have significant oscilla-
tion due to wrong choices of the system’s parameters. The
system’s behavior can undergo regular instability because of
a shift in the PSBDAB converter’s circuit parameters. The
system’s behavior can be studied with the help of the bifurca-
tion diagram, Jacobian matrix, stability curve, or Lyapunov
exponent. The bifurcation diagram will be used in this paper
to analyze the PSBDAB converter. The analysis, simulation,
and experiment are conducted for the circuit parameter listed
in Table 1.

A bifurcation diagram is a visual summary of the succes-
sion of period-doubling produced, as the gain of the controller
"k’ increases [26]. The periodic behavior of the transformer
current’s steady-state value at #;), can be plotted as a function
of proportional gain ’kg’. A singular point indicates that the
transformer current’s steady-state is settled at a fixed and
stable point. The transformer current can undergo from a
fixed and stable point to periodic double, periodic quadruple,
or higher period [45].

The LSM of the PSBDAB converter given by (45) is estab-
lished for one cycle. The LSM for the state variable in the
(n+ 1)”’ cycle (x,1) with respect to the state-variable in the
n' cycle (x;) can be written as (65). Moreover, the expression
of the closed-loop control variable is modified as (®), which
is represented in radian to have a better understanding of the
phase-shift between the bridge voltages.

Xpat = (Wil + (Woia + 1} Wiiavi,  (65)
and
D1 =ke(Vier — Megrxy) Y P e (0,7/2) (66)
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FIGURE 10. Bode plot of G, 4(s) atd = 0.25.

The bifurcation map can be studied from (65) and (66). The
control parameter kg is varied from 0.01 to 10, as shown
in Fig. 11 to Fig. 18. At first, the output capacitor ESR
(R. = 0) is neglected, and the proportional gain (kg) is
increased. It can be seen from Fig. 11 that the system goes
to the unstable region when k, is more than 1.71. When the
capacitor ESR is included in the model, the critical value
of kg for the stable operation is reduced to 1.35, as shown
in Fig. 12. The nature of the bifurcation diagram with the
inclusion of capacitance ESR shown in Fig. 12 or exclusion
of the capacitance ESR shown in Fig. 11 is similar. This
contradicts with the explanation about the inclusion of the
filter capacitor ESR (R.) changes the transformer current
variation swing [23]. Moreover, the ESR of the filter capacitor
(R.) is increased thrice to 0.45 2, and the bifurcation diagram
is plotted in Fig. 13. The drift in the transformer current is
identical to R, = 0 Q or R, = 0.15 Q. The critical gain to
ensure stability kg is only reduced to 0.82 for R, = 0.45 Q.
Therefore, it can be interpreted that the drift in the transformer
current not only depends on the filter capacitor ESR but also
on other circuit parameters.

The standard electrolytic and film capacitor has a tolerance
of around +20%. Therefore, the bifurcation diagram with
20% less capacitance of the output filter capacitor (132 uF)
is plotted in Fig. 14. There is not much difference in the
behaviors of the inductor or its bifurcation diagram shape
in this scenario. However, the critical gain has been reduced
to 1.1. Moreover, the bifurcation diagram remains the same,
with a 20% increase in capacitance. However, the actual plot
is not shown in this paper due to repetitive behavior. Most
of the work on the time-scale model [27], [33] [34], [36]
does not include the system loss on the model. Therefore,
the bifurcation with r = 0 is plotted in Fig. 15. It shows the

VOLUME 10, 2022



M. T. Igbal et al.: Detailed Full-Order Discrete-Time Modeling and Stability Prediction

IEEE Access

FIGURE 11. Bifurcation diagram using kg as a parameter for (a) Rc = 0.
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FIGURE 12. Bifurcation diagram using kg as a parameter for Rc = 0.15.

10}

FIGURE 13. Bifurcation diagram using kg as a parameter for Rc = 0.45Q.

10

FIGURE 14. Bifurcation diagram using kg as a parameter for C = 132uF.

effect of the system loss resistance (r) on the stability of the
system. The gain for the system to be stable should be less
than 1.38 for the lossless model (r = 0). However, the effect
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FIGURE 15. Bifurcation diagram using kg as a parameter forr = 0 Q.

FIGURE 16. Bifurcation diagram using kg as a parameter for L = 98,H.

of the capacitor ESR is considered for the lossless system, as
shown in Fig. 15. When neither r nor R, is considered [27],
[33], [34], [36], the critical gain of the system increases
to 1.46.

The bifurcation diagram with 90% of the equivalent induc-
tance of the system (L = 98uH), double load resistance
(R = 22€2), and around 85% of the reference voltage (V,or =
38V) are shown in Fig. 16, Fig. 17 and Fig. 18, respectively.
It can be seen that that unlike the previous case, the trends
of the transformer current are different, as gain (kg of the
closes-loop is increased. The critical gain for L = 98uH,
R =22Qand V,,y = 38V is0.81, 0.55 and 0.84, respectively.
It can be seen that each circuit parameter affects the critical
proportion gain kg of the converter.

A. SIMULATION VERIFICATION OF THE STABILITY
ANALYSIS OF THE PSBDAB CONVERTER

The theory and analysis in Sections IV and VI are verified
in simulation (MATLAB/Simulink) and experimental proto-
type. The system was operating with proportion gain k, =
1.3 in a stable region of the converter. The closed-loop gain is
increased from 1.3 to 1.4 at the time # = 0.01 s. It can be seen
from Fig. 19 that the converter comes out of the stable region
at k; = 1.4, as predicted from the bifurcation diagram in
Fig. 12. The bifurcation diagram of the system for k, = 1.4,
as shown in Fig. 12 comprises transformer current magnitude
from 5.6 A to 8A. The same observation is also obtained
through the simulation studies, as shown in Fig. 19(d). The
oscillation in the transformer current increases as the gain
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FIGURE 18. Bifurcation diagram using kg as a parameter for V,or =38 V.

of the closed-loop kg is increased, as seen from Fig. 19.
The output voltage and phase-shift & waveform with the
function of gain are shown in Fig. 19 (c). The ripple in the
output voltage increase as the k, is increased. The simulation
results approve of the results obtained from the bifurcation
diagram. It is important to note that the oscillation in the
transformer current is increases slowly when k; is increased,
even with the inclusion of the capacitor ESR. However, it was
claimed in [23] that the transformer current goes directly into
the chaotic region when the system goes from stable to the
unstable region when capacitor ESR is considered. However,
such behavior depends on the circuit parameter of the system.
The behavior of the system is the same in all cases shown
from Fig. 11 to 18 except for load resistance R = 22%.

The bifurcation diagram of the system with double load
resistance shows different behavior than other cases. The
instability of the system increases much faster than in other
cases. The same statement is also verified through simulation
results carried out in MATLAB/Simulink. The system was
operating with proportion gain k, = 0.54 in a stable converter
region. The closed-loop gain is increased from 0.54 to 0.56 at
the time ¢+ = 0.01 s. It can be seen from Fig. 20 that the
converter comes out of the stable region at k, = 0.56,
as obtained from the bifurcation diagram in Fig. 17. There
is a small oscillation at k;, = 0.56. However, when the
gain is increased marginally by 0.02, the system goes into
chaotic behavior. The chaotic nature increases much faster
at k, = 0.56, as shown in Fig. 20(c). This nature is much
more predominant when closed-loop gain k; is moved only
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by 0.04 from its critical gain k¢.. However, in the other cases
shown in Fig. 11 to 16 and 18, the chaotic nature is relatively
less even though the critical gain increases by 0.3 or more.

B. EXPERIMENTAL VERIFICATION OF THE STABILITY
ANALYSIS OF THE PSBDAB CONVERTER

The stability analysis of the converter is validated in the
experimental setup with the same system parameters used
in the analysis and the simulation studies. The hardware
set-up for the closed-loop operation of the PSBDAB con-
verter is shown in Fig. 21. The low resistance MOSFET
IRFP4321PBF from Infineon is used as a semiconductor
device. The voltage transducer LV25-P from LEM is used as a
voltage sensor. The signal to the semiconductor is controlled
through Texas Instrument TMS320F28335 experimental kit.

The experiment is conducted with load resistance R =
11€2. Initially, the controller’s gain is set at 1.3; the system
remains in the stable region. There are no unwanted oscilla-
tion or dc components in the transformer current, as shown
in Fig. 22. However, the oscillation starts to appear when
the gain is increased more than 1.4. The system undergoes
significant oscillation at gain of 1.7, as shown in Fig. 23.
There are a small discrepancies between the theoretical and
experimental value of the critical gain to obtain stability for
R = 11%. The control variable d to obtain the output voltage
for R = 11Q is around d ~ 0.4, as shown in Fig. 19. The
effective resistance of the system is increased at the higher
value of d due to more conduction loss in the transformer,
inductor, and turn-on loss of the semiconductor devices[7].
The increase in the effective resistance increases the critical
gain of the close-loop for load resistance R = 11€2, as shown
in Fig. 15. It was shown in Fig. 15 that the rise in the effective
resistance increases the critical gain k., of the system and vice
versa. The increase in the equivalent resistance r also reduces
the maximum current in the unstable region.

The system is also validated with double load resistance
(R = 22) to show how the oscillation of the transformer
current varies at different loads. Initially, the converter was
operated with the gain of the closed-loop k, at 0.54. The
system operated in the stable region with no unwanted oscil-
lation in the transformer current or output voltage, as shown
in Fig. 24. However, when k; is increased to 0.6, a very high
oscillation in the transformer, current and the output voltage,
as observed in Fig. 25. The maximum current in the analysis
(bifurcation diagram), detailed time-domain simulation, and
the experimental results are the same to be around 8 A.

The comparative studies of the stability prediction between
proposed TTSM and existing DTM in the literature have
been listed under Table 2. The proposed model offers better
accuracy than the other DTM proposed in the literature [3],
[23] [24] [27]. There is a minor difference between all the
models at R = 22Q. This is due to the low current required
to obtain a reference voltage of 45 V at 22 Q compared to the
current requirement at 11 2. The same argument can be made
when the reference voltage is reduced from 45 V to 38 V. The
aging of the capacitor causes its ESR to increase with time.
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FIGURE 21. Experimental prototype of the single-phase dual active
bridge DC-DC converter.
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FIGURE 22. Experimental results at kg = 1.4 for load resistance R = 11Q.
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FIGURE 23. Experimental results at kg = 1.7 for load resistance R = 11Q.

The ESR of the capacitor can increase significantly than its
normal value with prolonged usage [46]. There is a significant
difference in the critical gain k., when the output filter capac-
itor ESR is higher (0.45 €2). The error in the predicted critical
gain conventional DTM, lossless DTM is more than 50%.
The contribution of this paper is again explained in the next
section with the theory, simulation, and experimental results.

VIIi. DISCUSSION

The TTSM for the PSBDAB converter is proposed in this
paper. The procedure to obtain the LSM and SSM is sim-
pler than the conventional DTM. The conventional DTM
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FIGURE 24. Experimental results at kg = 0.54 for load resistance
R =22Q.
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FIGURE 25. Experimental results at kg = 0.6 for load resistance R = 22.

presented in (16) comprises an exponential matrix, results
in a complicated model. The complex model obtained from
DTM fails to give insightful information about the converter’s
behavior. Moreover, the segregation of the state variables
(transformer current and capacitor voltage) into fast and slow
variables eases the analysis of the PSBDAB converter. The
segregation into FSV and SSV helps to apply conventional
mixed system-based time scale modeling to the system [41].
The segregation helps to decouple the dynamics of the trans-
former current given by (22) and (23), and capacitor voltage
given by (26) and (27). Each of the state variable’s behavior
has been obtained separately, which eases the analysis of the
system.

The proposed modeling in this paper incorporated dead-
time, core-loss of the external inductor, and other kinds
of converter’s non-linearity. The inclusion of the dead-time
improves the model’s steady-state, LSM, and SSM. It can be
seen from Fig. 6 that the inclusion of the dead-time improves
the steady-state. Fig. 8 and 9 depict the improved accuracy
of the proposed model compared with the other existing
methods. Moreover, the inclusion of the core loss of the
inductor improves the model accuracy at the light and heavy
load operation of the system, as seen from Fig. 6 to 10.

The effect of the circuit parameters such as load resis-
tance, the equivalent resistance of the model, the equivalent
inductance of the model, output capacitor filter capacitance,
and its ESR on the stability of the system are shown in
Fig. 11 to 18. It has been observed that the load resistance
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TABLE 2. Comparison of the different critical gain top ensure stable operation of the system.

Model Case I Case I Case III Case IV Case V Case VI Case VII Case VIII
Re=0| Rc=015| Re =045 | C=132uF | 7r=0Q | L=98uH | R=22Q | V,.cf =38V

Conventional Discrete-time model [24] 1.62 1.62 1.62 1.27 1.45 0.93 0.6 0.93

Bilinear Discrete-time model [23] 1.62 1.35 0.88 1.11 1.39 0.84 0.57 0.87

Lossless time-scale model [27] 145 1.45 1.45 1.15 1.45 091 0.61 0.93

Proposed time-scale model (TTS) 1.71 1.37 0.86 1.12 1.39 0.83 0.56 0.86

Simulation model 1.76 1.38 0.85 1.13 1.39 0.83 0.56 0.86

TABLE 3. Comparative study of different modeling strategies for PSBDAB converter.

Type of Model Order of Model Stead-state accuracy Core-loss Stability analysis =~ Dead-time
GAM [18] Full-order Low X X X
Ideal AVM [14] Reduced-order Low X X X
Non-ideal AVM [7] Reduced-order Good X X X
FSM [12] Reduced-order Good X X v
Conventional DTM [3] [24] Full-order Not Discussed X X X
Bilinear DTM [23] Full-order Not Discussed X v X
Proposed TTSM Full-order Best v v v

of the converter has affected the nature of the transformer
current more predominantly than the other circuit parameters,
as shown in Fig. 17.

The comparative studies of the proposed TTSM and mod-
els developed in the literature for the steady-state, LSM, SSM
are shown in Fig. 6, 8 and 9 & 10, respectively. Moreover,
the comparative studies for the stability prediction among the
discrete-time models are presented in Table 2. The character-
istics of different modeling in the literature compared to the
proposed model are listed in Table 3. The proposed model has
the best accuracy among the full-order and the reduced-order
model with RMSPE around half of a percent. The proposed
model gives the best stability prediction compared to the
existing literature on the stability analysis of the PSBDAB
converter.

VIil. CONCLUSION

This paper proposes a mixed system-based time-scale
methodology of the phase-shifted bidirectional dual active
bridge converter. The state variable of the PSBDAB converter
(transformer current and capacitor voltage) are termed as
fast and slow states. The separation of the fast and slow
variables based on their inherited characteristics results in
the decoupling of the state variable, which simplifies the
analysis of the system. The steady-state, open-loop response,
and frequency response (small-signal) of the output voltage
is verified with experimental results. The inclusion of the
dead-time and core-loss of the inductor in the model has been
studied. The inclusion of the dead-time of the semiconductor
devices and core-loss of the external inductor improves the
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model’s overall accuracy at the light and heavy load oper-
ation. The proposed model can accurately predict the out-
put power flowing through the system. The output voltage
open-loop response with a variation in the control variable
is verified with hardware results. The open-loop behavior
from the proposed model is also compared with the existing
model presented in the literature. The proposed model gives
the closest behavior compared to the behavior obtained from
the actual prototype. Similar to steady-state and the open-loop
response, the control to output voltage frequency response
from the proposed model provides the best accuracy than
the other models. A detailed study about the stability of the
closed-loop system with variation in circuit parameters is
established. The critical gain to ensure the converter stays in
the stable region is obtained and verified in the simulation and
experimental setup.
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