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Multivariable-Modulation-Based Conduction Loss
Minimization in a Triple-Active-Bridge Converter

Saikat Dey

Abstract—This article presents the design, development, and op-
timization of pulsewidth modulation (PWM) scheme of an isolated
bidirectional triple-active-bridge (TAB) dc—dc converter composed
of three full-bridge modules and a high-frequency planar trans-
former. This article aims at improving the efficiency of the TAB
converter by means of conduction loss minimization. The approach
utilizes multiple control variables as degrees of freedom for the con-
verter modulation. The optimization is based on the minimization
of the true rms current, formulated using generalized harmonic ap-
proximation technique. The approach constitutes of two steps: the
modulation pattern with least algorithmic complexity for efficiency
maximization is first found depending on the operating load and
gain condition, and, subsequently, the optimum control variables
are calculated using the gradient descent algorithm applied on the
identified modulation pattern. An 800-W TAB converter proof-of-
concept is built to verify all theoretical considerations and model-
oriented analysis. While the converter has an input dc bus voltage
of 160 V, the two output ports of the converter can deliver 400 W
each at voltage levels of 110-130 V and 18-27 V, respectively. With
the implementation of the proposed optimal phase-duty control,
the experimental results show a nonunity gain light load efficiency
increment up to 6.1% compared with the conventional modulation
technique.

Index Terms—Bidirectional power flow, dc—dc power converters,
pulse width modulation converters.

1. INTRODUCTION

IGH penetration of renewable energy sources and storage
H in recent times has drawn attention toward multiport
converters (MPC) as a potential solution for versatile energy
management systems [1]. The MPCs can integrate multiple
sources, storages, and loads with varied voltage and current
ratings into a single power stage allowing multidirectional power
flow between its ports with applications in electric vehicles [2]
to more-electric aircraft [3]. One of the promising topologies in
the multiwinding transformer-coupled MPC family is the triple-
active-bridge (TAB) converter, which is a multiport network with
three full bridges connected via a high-frequency multiwinding
transformer [4], [5]. Derived from the dual-active-bridge (DAB)
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converter family [6], [7], the TAB converter integrates and
exchanges the energy from/to all ports, provides full isolation
among all ports, and can match the different port voltage levels.

The basic TAB modulation (dual phase shift or DPS) uses
50% duty cycles on all three full bridges and uses the phase shifts
between the full-bridge cell voltages to transfer power between
the ports [8]. However, DPS technique with only phase control
leads to high transformer winding currents and hence higher con-
duction losses under light-load conditions and nonunity voltage
gains with mismatches in the port voltages, which thus calls
for an improved multivariable-based modulation scheme mini-
mizing the system conduction losses. More general modulation
techniques are possible by using different modulation patterns
for the three bridges. For example, the control of each port’s
duty cycle ratio, besides its phase shift, is also possible at the
cost of additional computational complexity and difficulty in
implementation.

The basic concept of efficiency improvements in the TAB
converter in terms of conduction loss utilizing the duty cycle
control variables originates from the existing efficiency opti-
mization techniques for the DAB dc—dc converter [9]-[13].
Yet, from the DAB to the TAB, there is a significant gap in
terms of circuit analysis and computational efforts. Since one
more port is added, the transformer’s input current expressions
include three more variables, i.e., the port voltage, duty cycle,
and phase-shift angle. Moreover, adding the third port is not an
extension of a DAB in terms of the mathematical formulation of
transformer’s winding current expressions. Since the third port
is highly coupled with the initial two ports, the transformer’s
current expressions including the power flow criteria of even
the initial two ports are entirely modified in a TAB. Thus, the
optimal phase-duty control-based loss optimization of a TAB is
difficult to achieve from the time-domain-based DAB analysis
knowledge base and is rarely found in the literature [14].

The scope of efficiency improvements by applying higher
order modulation schemes in the MPC dc—dc converters is
identified by the work presented [8], [14]-[26]. However, most
of these research efforts involve complex time-domain-based
multimode-switching-based control strategies. Also, none of
these research works result in a computationally efficient and
generic five-variable converter control strategy that optimizes
the overall conduction loss in the TAB converter.

In [8], duty cycle and phase-shift modulation are introduced
for achieving lower losses, on the basis of fundamental com-
ponent analysis of the converter’s voltages and currents. In [8],
the concept of circulating power has been introduced, which,
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however, is not correlated with any kind of losses and hence
not used in any specific type of loss optimization or efficiency
maximization process. Although fundamental harmonic approx-
imation (FHA) is effective at moderate-to-high power transfer
among the ports, the true power loss differs from the estimated
power loss at lighter load demand, which limits the performance
attained by this approach [15]. Moreover, FHA misses most
of the insights into the shape of the switching patterns that
are critical to accurately correlate rms current levels with the
phase/duty control variables.

Moreover, due to the higher number of degrees of freedom and
superpositions of port voltages applied to a transformer, the TAB
converters have several tens of operating modes. The complex-
ity makes the use of time-domain-analysis-based rms current
computation methods [15] that are computationally heavy and
time-intensive. Furthermore, digital implementation of a time-
domain-analysis-based pulsewidth modulation (PWM) control
strategy is complicated since the current and voltage dynamics
change in each switching pattern. The implementation becomes
even more involved with an increasing number of switching
patterns when the modulation changes from the basic DPS mod-
ulation to any higher order PWM techniques. On the contrary,
this article presents a harmonic form bridge voltage expression
utilizing the generalized harmonic approximation (GHA) model,
which facilitates the synthesis of a unified interpretation of the
transformer’s current irrespective of the switching modulation
pattern and number of control variables involved. It, therefore,
makes expression more concise and eases down the digital
control implementation.

Another challenging issue in the TAB converter is its effi-
ciency degradation, particularly at lighter load and nonunity gain
operation under DPS-based PWM control. A very few works
have been carried out in the literature focusing on the light-load,
wide gain efficiency optimization of the TAB dc—dc converter
[8], [15]. However, no study has been performed to address the
following challenges:

1) establishing accurately quantified relationship between
the port/winding voltages, currents, power flow, and the
control variables, such as ¢; and d;

2) mathematical correlation of the major system loss with the
phase/duty control variables;

3) the optimal choice of the phase/duty combination for
ensuring minimum mean-square currents under any in-
put/output voltage/power conditions;

4) identification of the most favorable TAB modulation tech-
nique depending on the operating gain and load condition.

This article puts forward a substantial effort to address all
the above-mentioned hurdles by proposing a hybrid phase-duty
control-based conduction loss minimization strategy in a dual-
output triple-active-bridge (TAB) dc—dc converter. Here, the
objective function for optimization is formulated considering
conduction loss only because it majorly contributes to the total
system loss at a nonunity gain and light-load operating point.
In order to validate the contribution of this article, it is critical
to evaluate the proposed modulation strategy with the existing
DPS or any higher order control approaches mentioned in recent
literature [8], [14]-[17]. Although in [14], an effort to identify
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the zero-voltage switching (ZVS) criterion in a TAB converter
under DPS or TPS mode of operation is proposed, it does not
provide a solution to optimize the system loss by applying a
particular control strategy. The concept of a five-variable-based
TAB control strategy is introduced in [15], which showcases the
possibility of conduction loss reduction under wide-voltage-gain
conditions. However, the implementation of this control logic
becomes memory and computation intensive as the converter
analysis is done in time domain with a large set of operating
modes. Also, the application of penta-phase-shift (PPS)-based
control for all the loading conditions limits the switching fre-
quency of the converter by extending the execution time of
the control logic. The existing challenges call for utilizing a
computationally optimized and efficient multivariable control
strategy, proposed in this article, that can minimize the overall
system loss in a TAB dc—dc converter under all output voltage
gain and loading conditions.

The converter in this study is designed to be rated for 400 W at
each of the output ports, where the low-voltage-port dc bus has a
battery voltage range from 18 to 26 V, and the high-voltage port
can have a dc voltage ranging between 110 and 130 V, which are
the standard voltage levels for NASA space shuttles [28]. The
key contributions of this article can be summarized as follows:

1) unique converter architecture and control strategy to en-
able any directional desired power flow between all the
ports connected in the system;

2) accurate quantification of the winding currents and the
power flow between the ports by employing the frequency-
domain GHA model representing the port bridge voltages;

3) multiple-control-variable-based switching modulation
optimization technique in order to ensure the desired
interport power flow while achieving minimum sum of
mean-square currents in three ports;

4) adaptive identification of the most favorable modulation
technique corresponding to the ports’ voltage gain and
load condition;

5) digital-domain implementation of the composite optimal
PWM strategy in a TAB controller using the proposed
gradient descent algorithm.

II. TAB CONVERTER OPERATION, GHA-BASED MODELING,
AND POWER TRANSFER CRITERIA

Fig. 1 shows the schematic of the TAB converter, where
Vi1, V3, and V3’ represent three dc voltage sources or loads
connected to a three-terminal transformer via three full-bridge
cells. The transformer acts as an ac-link that couples these
ports at different voltage levels by its corresponding turn ra-
tios, given as ny:ng:ng. The inductors Ly, L}, and L can
be inserted as separate components or can be formed using
the transformer’s leakage inductances. The phase shifts of the
gate driving signals of the respective half-bridge switches of all
the ports with respect to the reference half-bridge of the first port
result in the full-bridge output voltages v}, and v% (depicted in
Fig. 2), phase displaced by ¢2and ¢3with respect to v;. Along
with the phase modulation, to incorporate duty cycle control of
vy, v, and v}, two half-bridge control signals of the same full
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Fig. 1. TAB converter topology and phase shifts of the individual half-bridge
gating signals.
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Fig. 2. Full-bridge output voltages in relation with the gate signal phase
displacements of the individual half-bridges.
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Fig. 3. (a) Y-equivalent and (b) A-equivalent circuit of TAB. (c) GHA-based
modeling of the port voltages, approximated up to “k”th order.

bridges are phase displaced by 201, 22, and 263 amount. It
is noteworthy that @5 and @3 range between —7/2 and 7 /2,
whereas the range of d;(k = 1,2 or 3) falls between 0 and
7/2. The simplified schematic of the TAB network is shown
in Fig. 3(a) and (b) along with the transformation of the trans-
former and the inductor network from a Y-model into A-model.
Throughout this article, the A-model (referenced to the primary
side of the transformer) is used to analyze the operation of the
TAB converter. Thus, the modified bridge voltage and currents
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are represented as follows: 1o =45 (72), i3 =5 (72); v2 =

ni
vh (21), vy = vh () and Vo = Vj (%), Va = Vi (24). As
described in [7], the hnk inductances in the A-model can be
computed from the individual leakage inductances of the trans-
former windings in the Y-model as Lo = Lj + Lo + Ly L2
Lis= Ly + Ls+ Ly L3 ,and Log = Lo+ L3+ LifS, L2 =
L (”1) and L3 = L’ (Z;)

In this circuit topology, the port or full-bridge cell voltages
are of a quasi-square wave shape that can be decomposed in
an infinite sum Fourier series. However, approximating the
generalized harmonic model up to nth harmonic order, the ac
port voltages can be presented as follows:

4V n=2m-+1
vy () = 71 Z 2 cos(kdy) sin (kwt) (1
k=1
AV n =2m+1
vy () = 72 Z p cos(kda) sin {k (wt — p2)}  (2)
k=1
4V n=2m+1 1
v (t) = 73 Z Z cos(kds) sin{k (wt —¢3)}  (3)
k=1

where “k” is the order of the harmonic, m is a positive in-
teger, and w = 2w fsy, with fg, being the switching fre-
quency of the converter. Thus, each port voltage can be ex-
pressed as a series combination of sinusoidal voltage sources
of kfsw (k = 1,3,5,...,2m+ 1) frequency, as shown in
Fig. 3(c).

The inductor currents, flowing between two ports, in the
circuit described in delta convention can be calculated as,

t ¢
gvab(t)dt =1 ({[va (t) — vp(t)]dt,
where, Tab 18 the current flowing from port-a to port-b and vy, is
the voltage across the inductance L. Now, using the relations

given in (1)—(3), the primary winding transformer current in the
delta equivalent circuit can be written as follows:

vy (t)dt
Zab *,f b(

4 2m—+1 V
i12 () = ol z=:1 {_kQ cos(kdy) cos (kwt)
Vs
+ﬁ cos(kdz) cos {k (wt — 4,02)}} 4)
4 2m—+1 V
i1z (t) = " kzz:l {k; cos(kdy) cos (kwt)
V3
+ﬁ cos(kds) cos {k (wt — @3)}} 5)
m+1
iog (t) = 7TwL23 Z {— cos(kdy) cos {k (wt — o)}
V
ﬁ cos(kds) cos {k (wt — @3)}:| . (6)

Applying Kelvin’s circuit law (KCL) at the individual port
nodes, the total current sourced by a port can be formulated as
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follows:
i1 (8) =d12 (t) +irs (). (N

Substituting (4) and (5) into (7), 71 can be derived and sim-
plified as follows:

2m—+1
i1 = Z [Ax sin (kwt) 4+ Bycos (kwt)] (8)
k=1
where the harmonic order “k”-dependent coefficients
4V; k83) sin(k 4 cos(kds) sin (ks
are Ak _ ﬂ.w]iQ [mg cos( L?;sm( p2) + mg cos( Lfism( god)]
_ 4V mo cos(kdz) cos(kpa)—cos(kdy)
and By = = [ S AP L4
ms cos(kds) C()Lsffw') —cos(k1) . the individual port output voltage
gains with respect to input port 1 are denoted as my = +2 and

Vi

msg = %’ . Now, the port-1 current rms is determined as follows
(9) shown at bottom of this page, where di; = cos(kdy),
dra = cos(kdz), and dyz = cos(kdz). Similar to 41 rms.
utilizing the above-mentioned process, the rms currents flowing
through the two output-side transformer windings, 5, and i,
can be also quantified and determined from (10) and (11),
respectively shown at bottom of this page.

Itis evident from (9)—(11) that the accuracy of the calculation
of the port rms currents depends on the incorporation of switch-
ing harmonic order. Fig. 4 presents two test cases where the
primary winding current shape is predicted as the superposition
of different harmonic orders (n) for an operating control variable
set given by (01, 62, I3, 2, w3) = (case a) (0.8, 0.918, 0.656,
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Fig. 4. Approximated 41 current shape considering different orders of har-
monics using the GHA model for (1, d2, 03, p2, ¢3) = (a) (0.8, 0.918, 0.656,
0.625, 0.257) and (b) (0.38, 0.212, 0.462, 0.397, 0.124).

0.625, 0.257) and (case b) (0.38, 0.212, 0.462, 0.397, 0.124).
The variations of the theoretically calculated rms current levels
with the considered harmonic order and their comparison with
the actual primary winding rms current from simulation are
provided in Table I. It is evident from the data that using (9),
the rms current can be predicted accurately for n > 7 with an
error margin of less than 0.6%.
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TABLE I
COMPARISON BETWEEN CALCULATED AND SIMULATED ¢; RMS

Control . .
Variables Considered Calculated i}, s (A) t :;ZZ:IZ; l
Case (01, 92, 0 Harmonic | GHA Calculation
0203 order (n) | Model Simulation o
0293 Based %
(08,0918 1 2.316 6.992
(a) 0.656, 3 ;2?; 2.4901 (1);2
0.6256, 0.2569) ’ ’
13 2.4823 0.313
(038,0212 1 1.7839 2.402
o 3 1.8152 0.689
(b) 0.462, 0.397, 7 18213 1.8278 0356
0.124) ’ ’
13 1.8261 0.093

Thus, the proposed GHA-model-based approach to quantify
the port rms currents avoids the conventional complicated time-
domain-analysis-based rms current calculation that involves
complex computations, especially when the converter has mul-
tiple operating modes with a large number of control variables
(i, 65).

In the equivalent three-port converter network under study,
power transfer through the line inductance is possible only
between two distinct sinusoidal voltage sources that have the
same frequency. Hence, applying the superposition theorem and
approximating the power flow up to (2m + 1)th harmonics, the
power flow from port-a to port-b can be represented as follows:

2m-+1
4 1 | VLV
P, = - § = [ bdkadkb sin{k(pp — @a)}
Sw k=1

(12)
Its magnitude depends on the corresponding phase difference
(¢» — @a) of the respective port voltages, their duty cycles (dq
and dy;,), terminal dc voltages (V, and V}), and the line induc-
tance between the respective ports (L), whereas the direction
of the power flow is solely determined by the phase shift between
the full-bridge cell voltages, i.e., (¢p — ©q)-
In this work, ports 2 and 3 are assumed as two output ports
and the total normalized power sunk at ports 2 and 3 is expressed
in (13) and (14), respectively

2m—+1
8Phase 1 [3maLy .
P,=P Py = = — di1d k
2 12 + 17392 2 I; 3 [ I1s k1 kQSln( 4,02)
3momsL .
+%dk2dk3 sin{k(p2 — 903)}} (13)
2m-+1
8Pbase 1 3m3L1
P3 = Pz + Po3 = = kz::l 5 [ Tos di1dys sin (kps)
3maomsL .
+%dmdk3 sin{k(ip3 — ¢2>}} (14)

where Ppase = 27rf72L In order to ensure desired load powers
for some specific voltage levels at both the outputs, (13) and
(14) can be solved for the control variables d1, d2, d3, @2, and
3. Thus, although the power flow between the ports in a TAB
is coupled in nature, by independently varying the phase shifts
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and the duty cycle control variables, power flow to the individual
ports can be controlled separately.

It is observed that due to the cross-coupling of power flow
between all the available ports, the total power sunk at each
output port is not only dependent on that port’s phase shift but
also depends on the phase shift of the other output port. Hence,
a rigorous study has been performed in this work to evaluate
the dependence of the maximum transferrable output power to a
particular port on the other port’s load demand. For this purpose,
the following assumptions are made to simplify the analysis.

1) m s considered to be 1 in (13) and (14).

2) All the line inductances in the Y-equivalent TAB circuit

are considered to be same, i.e., L; = Lo = Ls.

3) The duty cycles of the bridge voltages are 1, i.e., §; =

09 =63 = 0.

Thus, the input and output port’s powers can be given as

follows:

8Ppas : ~

Pr = =5 [mysin (p2) + ma sin (i23)] (1
8P : i

Py = =% [masin (p2) + mamssin (g2 —¢a)] - (16)
8P : i

Py = ;2&39 [mssin (p3) — mamssin (g2 — @3)].  (17)

The total sourced power given by (15) suggests that the
maximum power that can be transferred to the individual output
ports in a TAB is restricted by the voltage gains of the output
ports besides the circuit line inductances, input dc voltage, and
the operating frequency. As mo and ms increase, more power
can be transferred to the outputs if other circuit conditions are
kept the same. It can also be inferred from (16) and (17) that
in order to maximize P, at the specific voltage gains, mo and
ms, @2 should be maximized while minimizing (3 between the
range of 0-m /2. A clearer conclusion can be drawn when the
power flows are studied at a specific operating point defined by
mso = mg = 1. Now, to have a positive load power at port 3, the
following condition should be met:

©3 > P2 — 3 or, P2 < 2p3. (18)

The condition (18) limits the maximum possible value of .
Thus, the maximum power that can be delivered to port-2 is
restricted by the power demand by port-3 and the vice versa
also holds true. A more accurate calculation of the maximum
transferrable power to port-2 (Pa max) for a specific power
demand at port-3 (P3) and voltage gain conditions has been
performed for the TAB converter under study (circuit parameters
are given in Table II) using MATLAB and presented in Fig. 5
plots. The key takeaways from the plots under unidirectional
power flow, i.e., both P, and P53 > 0, are as follows:

1) as Ps increases, P ax decreases while keeping m, and

ms constant;

2) for a particular P53 and ms3, P> 1. increases with increas-

ing mo;

3) P> max increases with the increase in m3, while keeping

P53 and mo the same;

4) increasing both mo and mg for a particular Ps will also

increase Py max.
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TABLE II
TAB CIRCUIT PARAMETERS

Circuit Parameters Values

1
Input DC voltage (V) : 160V
Secondary Output Port Voltage (V) : 100-140V, 120V(nominal)
Secondary Output Port Rated Power (P,) : 400W
Tertiary Output Port Voltage (V) I 16-28V, 22V(nominal)
Tertiary Output Port Rated Power (P;) : 400W
Transformer Turns Ratio (N}, N,, N;) : 7:5:1
Magnetizing Inductance (L,,) : 300puH
Total Leakage Inductances (L, L,, L;') 1 16uH, 15uH, 0.28 uH
Secondary side Output Capacitor (C,) : 86uF
Tertiary Output Capacitor (C;) : 47uF
Switching frequency (f,,) 1 100 kHz

(a) (b) (c)
1000 1200 ————
— B =50 —P, = 50W
— Py = 200W — Py = 200W
P; = 400W Py = 400W

900
— Py = 50W

— Py = 200W

Py = 400W

800

600

100 400 600
08 1 12 08 1 1.2 08 1 1.2
ms ms ms

Fig. 5. Maximum transferable power to port-2 for different (ms, ms, Ps)
conditions.

III. PWM TECHNIQUES IN TAB

As discussed in the previous section, the desired power flow
in a dual-output TAB converter, given by (16) and (17), can
be achieved by utilizing at least the two primary control vari-
ables: 5 and 3. Solving (16) and (17) for these two unknown
variables while keeping the duty cycle variables (1, d2, d3) at
unity yields in singular solution { -, ¢3 } for a particular voltage
gain and load demand {mq, ms, P», P3} of the converter. Thus,
only by controlling the phase shifts between the input and
output full-bridge cells, the power transfer between the ports
can be controlled, and this basic TAB PWM technique is known
as DPS modulation. However, since this results in only one
possible controller operating point, no loss optimization can
be performed in such a two-variable control methodology. In
order to get more flexibility in controlling the power flow in a
TAB, one of the duty cycles (41, d2, d3) of the bridge voltages
is introduced as the control variables. More the duty cycle
variables are taken into account to meet required load demand,
the corresponding PWM strategy becomes more complex, and a
bigger solution set of the control variables is generated. This also
opens the possibility of TAB loss optimization by selecting the
optimum control variables among the derived feasible solution
set. Depending on the number of control degrees of freedom and
their combinations, the PWM techniques of a TAB converter are
broadly classified into eight categories as follows:

1) Dual Phase Shift (DPS): {®2, ¢3};

2) Triple Phase Shift-1 (TPS-1): {41, 2, ©3};

3) Triple Phase Shift-2 (TPS-2): {02, v2, ¥3};

4) Triple Phase Shift-3 (TPS-3): {Js, p2, ©3};

5) Quad Phase Shift-1 (QPS-1): {02, 3, 2, p3};

6) Quad Phase Shift-2 (QPS-2): {41, I3, 2, p3};

7) Quad Phase Shift-3 (QPS-3): {41, d2, 2, p3};

8) Penta Phase Shift (PPS): {41, d2, 3, 02, 3}
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Among them, the simplest one is the DPS, whereas the PPS
demands the highest computational complexity in return of
maximum degrees of freedom. Thus, a calculated choice should
be made while implementing any one of these to achieve an
efficient power conversion throughout the wide output voltage
gain and load range of the TAB while not overburdening the
computational load of the digital implementation platform.

IV. MATHEMATICAL FORMULATION OF THE CONDUCTION
Loss OPTIMIZATION PROBLEM

In the quest to find the optimum controller operating point
under the application of any PWM technique, a multivariable
multiconstrained loss optimization problem is formulated in this
article. Here, the objective function for minimization correlates
with the total conduction loss that majorly contributes to the
overall system loss in a TAB converter under light-load opera-
tion. The generalized objective function is formulated in (19),
given as the sum of squares of the rms currents flowing in the
TAB transformer windings, which is a suitable candidate for
optimization because it is directly correlated with the conduction
losses in the devices as well as the magnetic components of the
converter

F(b1,02,03, 2,3, m2,m3) = (if s + 5 rais T 5 rats)

(19)
where 01,062,835 € [0,7/2]; 2,03 € [—7/2,7/2]; ma, mg >
0. The winding rms currents can be calculated from (9)—(11),
which depends on the control variables and the output port
voltage gains and load demands.

Now, to verify the usefulness of introducing the duty cycle
control variables toward cost function minimization, the gradient
of the objective function F is measured with respect to the duty
cycle 91 and expressed as follows:

OF 0ifpus | Oiinus | 03 rus
F = —_——— 2 2 2
Vol =55 = "6, T Tos T on
gy P sin (ko))
T 20212 Z k3
k=1
[macos (kda) cos (kpa Hmscos (kds) cos (kps)—2cos (kd1)] .

(20)
Under the application of TPS-1 modulation, i.e., o = d3 = 0,

the gradient expression from (20) reduces to (21)
2m-+1

k=1

48V2

sin (kd1)
m2w2 L2

Vs Fls, =03=0= [ma cos (kp2)
2 k3

“+mg cos (kys) — 2cos (kd1)] . 21)

For simplicity of the analysis, considering m = 1, V Fj5, under
TPS-1 operation is restructured as follows:

48V
m2w2 L2

+mg cos (p3) — 2cos (01)] .

Vs, Fls, =03 =0= -8in (07) [ma cos (p2)

(22)

Now, checking the gradient value at ;1 = 0", we obtain the
following: 2cos(d1) ~ 2 > mq cos(pa) + m3 cos(ps) for any
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2 and 3 when mao, mo<1. Hence, for mo, mo € [0, 1), a neg-
ative gradient, i.e., Vs, F'|5, —o+.5,—5,—0 < 0 holds universally
true. Thus, it can be inferred that instead of the basic DPS-based
modulation, the application of TPS-1 modulation technique
helps in reduction of the objective function for the mentioned
operating space defined by (mg, ms, P>, P3). This also proves
the drawbacks in the DPS-based modulation technique, which
is unable to achieve the least sum of mean-square currents with
only phase-shift-based control under a wide {m, P} operating
range.

Furthermore, in quest of validating the requirement of the
higher order modulation techniques, such as QPS-3, over the
TPS-1, we check the gradient of V Fjs with respect to dy as
follows:

Vi, (Vs F)
48V2 2K sin (ke ,
= 71-2(.4]21[/2 . Z % [—masin (kds) cos (kp2)] -
k=1

(23)
Applying m = 1 in (23), it is found that

48772

ValVa) = = aiap

- mg sin (§1) sin (d2) cos (p2) -
(24

Fordy > 07, Vs, (Vs, F') < 0holds true at a specific 61 (> 0).
Thus, at a given d;, QPS-3-based PWM will minimize F better
than when TPS-1 is employed. Thus, it is proven that utilization
of the higher order PWM strategy is beneficial in terms of
minimizing the conduction loss but at the cost of increased
computational burden.

Now, the conduction loss optimization problem in the TAB
converter can be generalized for a five-variable control system
defined by the PPS modulation logic, where the objective func-
tion F(01, 02,93, p2, 3, M2, m3) is minimized for a specific
operating mo, mg condition. The constraints in this problem are
given by the power flow equations (25) and (26), which are
modified versions of (13) and (14), derived earlier in the section

PE1(51,52,53,(,02,(,03,m2,m3,P2) - P12 +P32 _P2 - 0

(25
PFEs5(01,02, 03,2, p3, ma, m3, P3) = Piag + P3s — P3 = 0.

(26)
Thus, for a specific converter operating condition,
defined by the output ports’ voltage gain and load
conditions  (mo,ms3, Py, P3), the multivariable, mul-
ticonstrained, and single-objective optimization prob-
lem can be stated as minF|,,, m, (01, 02,03, V2, P3)
subject to (a) PE1lmy,ms, P, (01, 62, 63, 2, p3) =

0(b) PE2|imsy,ms,ps (01,02, 03,2, 03) =0 for  61,02,05 €
[0, %] and @2, 3 € [-F, 5]. Solving this problem generates
the optimal control variable set (87, 65, 05, 05, ©5)opt that leads
to the least conduction loss for a particular (msq, ms, Ps, P3) set.
The optimal variable synthesis approach is depicted through

gradient descent algorithm presented in Section VI.
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Define TAB operating
point: my, ms, Py, P3

Solve
min F|p, m, (81, 82, 83, 92, 93)
for DPS to PPS (8 PWM
strategies)

Desired PWM
Strategy: DPS

Desired PWM
Strategy: TPS-1

Priority Order: DPS
>TPS-1>TSP-2 >

TPS-3> QPS-1 > :
QPS-2>QPS-3> Fonin, qps—3 < Desired PWM
PPS 1.04 Fpi pp Strategy: QPS-3
N
Desired PWM
Strategy: PPS
Fig. 6. Flowchart to achieve the optimum PWM strategy for any operating

condition in a TAB.

V. MULTIVARIABLE OPTIMIZATION OF MEAN-SQUARE
CURRENT AND THE PROPOSED COMPOSITE PWM STRATEGY

As the conduction loss optimization problem becomes well
defined, it also indicates that engagement of five-variable con-
trol, i.e., the PPS modulation technique, will always provide
the optimal conduction loss in a TAB control architecture.
Nevertheless, implementing a PPS control across the whole
output voltage gain and load range imposes a challenge to
the TAB controller in terms of computationally expensive and
large-memory lookup tables [7]. Therefore, a thorough effort
is made in this work to identify the optimized and favorable
PWM control strategy corresponding to the port voltage gain
and power levels (mq, ms, Ps, Ps). Fig. 6 depicts the algorithm
on how the optimum PWM strategy is identified for a particular
operating condition. The fundamental notion behind the optimal
modulation technique search is to employ a PWM technique
that involves the least control degrees of freedom, i.e., lowest
computational complexity, while attaining an F,,,,, ,,,, within
1.04 times of F., m, under PPS-based modulation. Under
this condition, we have searched the optimal PWM technique
for a wide variation in me, m3, P>, and P5; and presented it
in Fig. 7. Here, the data are presented for a wide my and P
variation (ms : from 0.7 to 1.3 and P; : from 50 to 400 W)
under nine combinations of mg and P53, owing to low, unity, and
high gain (ms = 0.8, 1, and 1.2) and light, mid, and high load
(Ps = 50, 200, and 400 W) at port-3. The percentage reduction
in computed objective function F under the influence of the
optimal PWM strategy compared with the basic DPS modulation
is also presented in the form of a contour plot. This helps visu-
alize the benefit of optimized PWM technique for a particular
operating zone over the conventional DPS-based control. The
major takeaways from this plot are the following.

1) The basic DPS PWM strategy becomes the optimal tech-
nique for a broader (ms, P») range as the output power
increases from mid- to full-load at a particular port-3
voltage gain.
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Fig. 7. Applicability of the PWM strategies in controlling TAB depending on the power and voltage levels.
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Fig.8. Optimum PWM technique for a wide variation in ms, for (P3, ma, P2)
=(0W, 1,174 W).

2) Asthe mg drifts away from unity, involvement of one order
higher PWM technique, i.e., TPS, becomes necessary
while maintaining high load at port-3.

3) Also, at mg = 1 as P3 decreases, TPS, QPS, and PPS de-
pending on the (s, Py) condition turn out to be optimum
candidates to maintain reduced conduction loss.

4) For light load at port-3, i.e., P3 = 50 W, the utilization
of the PPS becomes increasingly critical with the shift in
magain.

5) The composite as well as optimized PWM control tech-
nique becomes more beneficial as the converter ap-
proaches lighter load and nonunity gain operation at any
of the output ports.

Fig. 8 depicts the variation in Fy,;,, achieved by different
PWM strategies under a wide-gain and light-load (50 W) op-
eration at port-3 for an operating condition of (ms, Py) = (1,
174 W). Similarly, Fig. 9 shows the variation in Fy,;,, achieved
by different PWM strategies under wide-gain and medium-
load (200 W) operation at port-3 for an operating condition
of (ms, P3) = (1, 18 W). It is clear from Figs. 8 and 9 that
at nonunity voltage gain conditions, the application of PPS

Fig.9. Optimum PWM technique for a wide variation in mg, for (P2, ms, P3)
=(200W, 1, 18 W).

becomes necessary to optimize the conduction loss in the TAB
system.

The RMS currents through the transformer windings for
varied load and voltage gain levels under the application of
different modulations strategies are shown in Fig. 10. It can be
observed that the proposed PWM scheme substantially reduces
the bridge current RMS, specifically at light load and non-unity
gain conditions.

VI. IMPLEMENTATION OF THE OPTIMIZED SWITCHING
MODULATION STRATEGY IN THE TAB CONVERTER

Upon the identification of the favorable as well as optimized
PWM strategy for the TAB for specific port voltages and power
levels, the optimum control variables are to be attained through
an algorithm, realizable in the TAB controller. As mentioned in
Section III, in the DPS PWM strategy, two degrees of freedom,
i.e., poand (3, are the only available system control variables.
For any dual-output multiple-voltage electrical systems, two
port currents of the converter, i.e., I, and I}, and the output
battery voltages, V3 and V3, are the control objectives. Such



DEY AND MALLIK: MULTIVARIABLE-MODULATION-BASED CONDUCTION LOSS MINIMIZATION IN A TAB CONVERTER

6607

25 (a) 30 (b) 20 (C)
[ —iirus - Proposed —i1.zas - Proposed " l—i1rus - Proposed
20 —is pars - Proposed —is pars - Proposed 1 —is pars - Proposed
2A —i3 pars - Proposed —i3.rums - Proposed | 15 —i3.rns - Proposed
. ---i1.rMms - DPS 20 |---i1,rus - DPS . |---ti,rMsS - DPS
< 15|45 pus - DPS < |--i2.rus - DPS =, |---iarms - DPS
2 | --i3rums - DPS @ |---i3,rus - DPS Z10}---i5 pass - DPS
=10 ~E &
'~ <100 =
. : 51
b5 1
0 - - : Q=== : - ) 0 - -
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Pout[W] Pout[W] Pout[W]

Fig. 10.

Variation in the TAB transformer winding rms currents with increasing total output power (Poy,t) under only phase-shift-based DPS control and the

proposed optimized control strategy for different output port voltage gains: (a) mg = 1 and m3 = 1; (b) ma = 1 and m3 = 1.2; and (c) mg = 1.2 and mz = 1.

a two-input (p2and ¢3) and multiple-output (I}, I}, V3, and
V3) control system can be realized through three control loops,
including two inner current loops and one outer voltage loop
with decoupled power flow management, as presented in [7].
However, for higher order PWM strategies with inclusion of
the duty cycle variables (01, d2, and d3) in the control sys-
tem, hardware implementation is only possible through the
lookup-table-based approach in the existing literature. A TAB
with the optimized conduction loss target will need a specific
optimal control variable set for any operating point defined by
the voltage gain and load conditions {ms, mg, P2, P35} of the
respective output ports. Generating a lookup table comprising
of the duty cycle variables for each of the operating conditions
will need multiple three-dimensional (3-D) arrays or 4D ar-
rays to be computed first and then implemented in the DSP.
This involves an extensive computational effort and requires a
large memory in the controller. Moreover, the formulation of
the lookup table while incorporating such an implementation
strategy solely depends on the estimated or measured circuit
parameters of the lossless TAB model, such as leakage/line
and magnetizing inductances. In hardware, these values change
according to the load variation and aging effects, and estimating
them accurately is a challenging task. As a result, often during
practical implementation, these precalculated optimum control
values do not lead to the least conduction loss operation.

To avoid this drawback, in this article, we propose a model-
independent gradient descent search algorithm to be imple-
mented in the TAB controller to achieve the accurate optimal op-
erating point. The gradient descent algorithm is primarily chosen
for this multivariable, single-objective optimization problem due
to its computational efficiency that produces a stable error gradi-
entand a stable convergence [28]. Also, the variable learning rate
provides flexibility to the designer while choosing between the
execution time and the optimization accuracy of the algorithm.
This proposed algorithm is shown in the form of a flowchart in
Fig. 11. The algorithm starts with defining the steady-state oper-
ating system parameters, voltage levels, and power demand. This
is followed by the identification of the optimized PWM strategy
according to the output load and voltage gain levels, as described
in Section V. Upon doing this, the values of the required duty
cycle variables under the chosen PWM strategy are initialized as
a vector d(n)containing [d1(n), d2(n), d3(n)]. At the same time,
the primary control variables, i.e., the phase shifts ¢o(n)and

Define TAB operating
point: my, m3, Py, Py

Desired TAB PWM
strategy for{m,P} zone

Initialize duty cycle variables (for
a general case of PPS)
8(n) = [6:(), 62(n), 65 ()]
¥
outputs @2 (n), 3(n)

PI 11

Calculate: Vs, (n) = :—‘; ,Vs,(M), Vs, (n)

N §5(n+1)

Si(n+1) = S+ = §Hm+1) SHh+l)=
§(n) —Vs,c 8:(n) —Vsc  =8,(n) 83(n) — Vs,c
____________________ R EEEEE e L P P
Updated duties

S(n+1) = [6,(n+1),
S(n+1),85(n+1)]

Implemented algorithm to achieve the optimal control variables.

Execution Time with TPS-3
look-up table = 9.53us

Switching Period =10us

X
v [1vidiv
1Mo 1Mo
20wz %] 20wz =

Fig. 12.  Comparison between the control loop execution times of the lookup
table and gradient-decent-search-based optimization approaches.

3(n), are adjusted by the implemented PI controller in order
to meet the desired port voltage gains and the load demands, as
shown in Fig. 1. Thus, the initial control variable set [§(n), ¢(n)]
and the objective function [F(n)] containing total rms current are
deduced for a particular sample time (7). Now, in the next step,
the gradient of F', VF', is measured separately for change in
individual duty cycle variables. These gradients are expressed as
Vs, (n) = g—g = %, Vs,(n), and Vs, (n). As long
as these partial derivatives multiplied with the learning rate
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Experimental TAB waveforms for (a)—(c) 160-114 V (174 W) and 18.3 V (50 W) conversion and (d)—(f) 160-114 V (174 W) and 27.4 V (50 W)

conversion under the following PWM schemes: (a) DPS, (b) TPS-2, (c) PPS, (d) DPS, (e) TPS-3, and (f) PPS.
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Experimental TAB waveforms for (a)—(c) 160-91.5 V (200 W) and 22.8 V (18 W) conversion and (d)—(f) 160-138 V (200 W) and 22.8 V (18 W)

conversion under the following PWM schemes: (a) DPS, (b) TPS-3, (c) PPS, (d) DPS, (e) TPS-2, and (f) PPS.

factor, ¢, are greater than the threshold Gyy,, the search algorithm
continues updating the duty cycle variables one at a time. At ev-
ery iteration of this algorithm step, the phase-shift variables are
also settled by the PI controller. Finally, the optimum duty cycles
are obtained whenever cVs,,cVs,, ¢V, become less than the
threshold GYyy,. The values of ¢ and GY;, are chosen based on the
tradeoff between target accuracy in reaching the optimum oper-
ating point operation and the sensitivity and execution time of the
algorithm. As the learning rate increases, the optimum point can
be reached faster at the cost of increased system dynamics at the
time of change in load and required voltage gain. Considering
the continuous, dynamic, and generic nature of this algorithm,
the approach can be implemented in any TAB converter.

To verify the usefulness of the proposed optimized control
strategy, the execution time of the control logic is evaluated

under different TAB operating conditions. Here, the execution
time is selected as the ideal performance metric because it
imposes an upper bound on the sampling frequency, i.e., the
operating switching frequency of the converter. The results show
that under the DPS, TPS, and PPS modes of operations, the
execution times of the gradient descent algorithm are 4.05, 5.13,
and 7.48 us, respectively, which restricts the TAB switching
frequency up to 247, 195, and 134 kHz, respectively. From these
data, it can also be inferred that when a lower order control
system is employed as the optimal control scheme, the TAB
switching frequency can be increased considerably. Therefore,
it facilitates the optimized variable frequency operation ina TAB
architecture when the proposed control is utilized. Moreover, in
order to compare the computational benefit of implementing this
algorithm instead of the lookup tables in the DSP to optimize the
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Experimental TAB waveforms under load transient at port-3 (200-50 W) under 160-114 V (174 W) and 27.4 V conversion: (a) port-1 and port-2 circuit

voltage and current waveforms; (b) port-3 voltage and current waveforms. Zoomed-in circuit waveforms before and after the load transient are shown in (a.1)—(a.3)

and (b.1)—(b.3).

Fig. 16. Bidirectional operation of the TAB. (a) Power transfer from port-1 to
port-2 and port-3. (b) Power transfer from port-2 to port-1 and port-3.
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Fig. 17. Power loss distribution among the major power stage components of

the TAB: semiconductor devices/switches and the transformer under the DPS,
TPS, and the proposed optimal control strategy at different operating conditions
defined by {mg, m3, P2, P3} = (a) {1, 1.2,400 W, 400 W}, (b) {1, 1.2, 175 W,
50 W}, and (c) {1.2, 1,200 W, 18 W}.

power flow, a comparison is made between the two methods in
terms of execution time in the same DSP. Observing Fig. 12, it
is clearly noticed that the computational time of the lookup-
table-based approach will be 1.86 times higher compared to
the proposed gradient descent algorithm while implementing a
TPS-3 modulation scheme in the TAB for a particular operating
condition.

VII. EXPERIMENTAL RESULTS AND DISCUSSIONS

Details of the proof-of-concept TAB dc—dc converter labo-
ratory prototype and experimental results for verifying all the
claims are presented in this section. The hardware setup of the
fabricated 800-W TAB converter is specially designed for space
shuttle applications. The salient parameters of the converter are
given in Table II. The two full bridges of port-1 (input port)
and port-2 (output port) are constructed in an identical manner,
and each switch is realized by low Rps(on) SiC MOSFET
C3M0025065D (650 V, 25 mS2, 97 A) manufactured by CREE.
On the other hand, as the third port delivers high current at a
low voltage level of 18—28 'V, the corresponding full bridge is
accomplished by employing GaN E-HEMT devices GS61008P
(100 V, 8 m2, 90 A) from GaN Systems. The three full-bridge
cells are coupled together through an integrated three-winding
planar transformer that has a controllable leakage inductance
feature. It is made of an E-shaped ferrite core “FR46410EC”
and has a turns ratio of 7:5:1. The TAB control strategy is imple-
mented using a single-core TMS320F28335 DSP and is placed
in a separate control, interface and signal conditioning board.
Results obtained with employing different PWM strategies in
the TAB converter are presented below.

As seen in Section V, the engagement of the higher order
PWM strategies become increasingly significant at lighter load
and nonunity gain conditions. Thus, the application of the PWM
strategies under two different light-load operating conditions is
studied and presented in Fig. 13. It is noticed that the port-2
voltage gain (mg) and power demand (P2) are held at 1 and
174 W, whereas the port-3 voltage gain is changed in two steps
(0.8 and 1.2), supplying a constant load of 50 W. The benefits
of a higher order control system can be seen as prominent
in Fig. 10(b), (¢), (e), and (f), where the TAB is operated
at Po =174 W,my =1, P3 =50W, (a)-(c) m3 = 0.8, and
(d)—(f) ms = 1.2, respectively, under (a), (d) DPS, (b) TPS-2,
(e) TPS-3 and (c), (f) PPS PWM techniques. The key takeaways
from these experimental results are as follows.

1) Atunderunity third-port voltage gain and light-load condi-

tion (mg = 0.8), the TPS-2 control brings in an efficiency
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conditions of mg = 1 and m3 = 1.2.

improvement with 47% reduction in 5. When PPS is
used to optimize the power flow, the converter achieves an
optimum total rms current condition incurring least loss.
Here, PPS helps increasing the system efficiency by 1.8%
by reducing F by 66% and hence minimizing the device
conduction loss, winding loss and other Cu losses.

2) For over unity gain condition at light load in port-3 (ms =
1.2, P; = 50 W), only phase-shift control (DPS) results in
high rms currents at the third winding (ilg’RMS =12.33A)
with a peak current of ~28 A, which incurs a higher con-
duction loss. Utilizing one order higher control scheme,
TPS-2, the tertiary rms current is reduced by 19.1% with a
3% increase in the efficiency. However, the PPS, being the
optimized PWM strategy for this operating zone, achieves
an optimal efficiency of 87.1% at this light-load condition
with 52% and 40% reduction in ZJS,RMS’ compared to DPS
and TPS-2, respectively.

3) Under the operating conditions set by light load and
nonunity gain at one port of the TAB, the PPS helps achieve
the optimal operating point for most of the load and gain
range of the other output port.

Fig. 14 presents the experimental waveforms of the TAB
converter under wide-gain operation (changed in two steps:
0.8 and 1.2) at port-2 while keeping the port-3 at unity gain
condition. It is noticed that the port-3 load demand (P3) is kept
as low as 18 W whereas port-2 is supplying a constant load of
200 W (P3). The benefits of higher order control system can
be seen as prominent in Fig. 11(b), (c), (e), and (f), where the
TAB is operated at P, = 200 W, m3 =1, Ps = 18 W, (a)—(c)
mo = 0.8 and (d)—(f) me = 1.2, respectively, under (a), (d)
DPS, (b) TPS-3, (e) TPS-2, and (c), (f) PPS PWM techniques.
The major highlights from these experimental results are the
following.

1) Atunder unity second-port voltage gain condition (my =
0.8), the optimal control scheme (PPS) brings in an ef-
ficiency improvement compared to the TPS-3 and DPS
control schemes with a reduction in i/?),RMS of 42% and
60.4%, respectively, and efficiency improvements of 1.4%
and 0.9%, respectively.

2) For over unity gain condition in port-2 while keeping
the other operating conditions same (mg = 1.2,Py =

10
E
=
S 6
N
S 4
=
< 2
0
TPS-3 Optimal DPS TPS-2 Optimal
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TAB Efficiency versus output load comparison between conventional DPS and the proposed optimal control strategy under the output port voltage gain

200W, m3 = 1,P3 = 18W), the employment of PPS
control brings the third winding current rms down to 2.6 A
from 4.6 A and 3.25 A, under application of DPS and
TPS-2, respectively. The optimized PPS PWM strategy
improves the system efficiency by 1.2% compared to the
DPS control under such an operating scenario.

Furthermore, in order to verify the capability of the imple-
mented control algorithm to track the optimized PWM strategy
operation under any output load or voltage variation, an exper-
imental result is taken under a 75% load change at port-3. The
waveforms presented in Fig. 15 indicate that TAB was operating
under the TPS-3 modulation scheme before the load change,
which is optimal at the operating point defined by {ms, ms, Po,
Ps} = {1, 1.2, 175 W, 200 W}. Following the load step-down
event at port-3 (P3 = 50W), the converter still operates in the
TPS-3 mode for 4.6 ms while dynamically searching for the
optimized modulation scheme for conduction loss cost function
minimization. After the search is over and the loss-minimized
operating point is found, the converter transitions to the PPS
mode of operation as it is the optimal modulation scheme for
the operating condition defined by {mso, ms, P2, P3} = {1,
1.2, 175 W, 50 W}. Comparing third winding rms currents in
Fig. 15(b.2) and (b.3), it can be validated that the proposed
control strategy facilitates the online dynamic tracking of the
optimized mean-square current and hence minimizes conduction
loss in a TAB. Also, the output voltages are regulated at the same
level by the PI controller under such a load transient event.

Fig. 16 represents the optimal DPS-modulation-based bidi-
rectional power flow capability of the TAB dc—dc converter
topology. In Fig. 16(a), port-1 is modeled as the input port
while the other two ports are working as the loads, whereas
in Fig. 16(b), port-2 is working as a source while the other
two ports are the loads to the system. The power flow direction
can be checked through an average of the instantaneous power
waveform.

To showcase the benefits of loss optimization in the individual
power stage components of the TAB converter, a power loss dis-
tribution analysis for the active switching network is also carried
out and graphically presented in Fig. 17. The loss distribution
among the semiconductor devices/switches and the transformer
is studied under the DPS, TPS, and the proposed optimal control
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strategy at different operating conditions defined by {ms, ms, P2,
P3} =(a) {1, 1.2,400 W, 400 W}, (b) {1, 1.2, 175 W, 50 W},
and (c) {1.2, 1,200 W, 18 W}. It is evident from the presented
data that at light-load and nonunity gain conditions, the overall
system conduction and switching loss is reduced by a substantial
margin of up to 35% with the application of the proposed
optimal PWM scheme. It can also be inferred from Fig. 17 that
besides conduction loss, the proposed multivariable higher order
switching modulation technique reduces the switching loss as
well, under any nonunity TAB port voltage gain condition. This
primarily occurs due to reduction in peak winding currents in
the process of true rms value reduction.

The efficiency of the developed TAB converter is experimen-
tally evaluated under the proposed modulation technique and
the conventional DPS control for a wide sweep in output load
while keeping the port-2 and port-3 voltage gain at 1.2 and 1,
respectively. The efficiency plot, presented in Fig. 18, depicts
that the proposed PWM technique brings an efficiency benefit
of 10% at a light-load condition of 50 W.

VIII. CONCLUSION

This article presents an extensive analysis of multivariable
PWM control in minimization of the sum of mean-square cur-
rents followed by experimental verification for the TAB dc—dc
converter. The theoretical modeling of the TAB network is per-
formed using the proposed frequency-domain GHA technique.
It is mathematically proven that application of the duty cycle
control along with the phase shift control optimizes the system
conduction losses by providing higher degrees of freedom to
the control system, especially at lighter load and nonunity gain
condition. Application of the PPS control, which utilizes all
five degrees of freedom, improves the light-load efficiency and
reduces the designed transformer size by minimizing the wind-
ing current peaks and RMSs for wide gain power conversions.
Hence, a composite and optimized PWM scheme that depends
on load as well as input to output voltage ratio is proposed to
leverage the advantages of all possible PWM control strategies
while optimizing the system loss as well as control execution
time. The composite PWM scheme experiences a seamless
transition from DPS control at high load to TPS control at light
load, and to PPS control as the voltage gain shifts from unity.
The optimal control variable set for any of the PWM strategies
is deduced using a gradient descent search algorithm that is
implemented on a digital control platform. Experimental results
indicate that the average sum of mean-square currents across the
gain range from 0.8 to 1.2 at 30% load is reduced from 92.5 A?
with DPS PWM to 59.37 A with only TPS PWM, and finally to
31.27 A? with the proposed composite PWM strategy, leading
to an efficiency improvement by 1.1% and 2.1%, respectively.
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