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Abstract—The paper presents a multidimensional ripple
correlation search technique of optimal operating points
of triple active bridge (TAB) converters. Such converters
present multiple modulation parameters that should be
exploited to achieve high operation efficiency. On the other
hand, the several degrees of freedom available make the
identification of optimal parameters a challenging task,
not easily tackled analytically or in closed form. A model-
free on-line search method based on the ripple correlation
technique is then proposed in this paper. The proposed
method finds the optimum modulation parameters of TAB
converters utilizing a three-dimensional ripple correlation
control. The key property of the proposed solution is the
adoption of orthogonal perturbation signals, where the
orthogonality is simply obtained using different injection
frequencies. The multidimensional correlation technique
originally shown herein can be applied to other generic
optimization problems. The proposed search is verified
through a hardware-in-the-loop validation setup and an
experimental prototype rated 5 kW.

Index Terms—dc-dc converters, isolated multi-port con-
verter, triple active bridge, optimum switching patterns,
ripple correlation control search, extremum seeking control
search.

I. INTRODUCTION

SOLATED multi-port converters (IMPCs) allow compact

solutions with reduced number of components for the
interconnection of multiple energy resources. This is valuable
in several emerging applications, like, for example, home
nanogrids and electrified vehicles [1]-[4]. Effective IMPCs
can be achieved by extending the concept of the dual active
bridge (DAB) converter, that is, by utilizing a multi-terminal
high-frequency transformer to couple ports at different voltage
levels [5], [6]. Adding one extra port to the DAB gives
the triple active bridge (TAB) topology, which is one of
the simplest IMPC topologies utilizing a three-terminal high-
frequency transformer, as shown in Fig. 1(a) [7]. In order to
control the power flow, magnitude, and direction, the phase-
shift modulation (PSM) is commonly applied, see Fig. 1(b). By
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Fig. 1. (a) Triple active bridge converter; (b) phase-shift modulation; (c)
penta phase-shift modulation. Modulation variables ¢2, ¢3, D1, D2, D3
highlighted.

the PSM, the three full-bridges generate ac voltages vy, va2, v3
with duty-cycle fixed at 50% and phase-shifts ¢ and ¢3 regu-
lated to achieve specific power flows among the ports [8], [9].
As a disadvantage of this kind of modulation, relatively high
conduction and switching losses are typically observed while
operating at light load or with significant voltage mismatches
among the transformer terminals, that is, while far from the
condition V1 : V2 : V3 = ny : ng : n3. To overcome this
limitation, penta phase-shift modulation schemes have been
proposed [10]. By such modulation schemes, represented in
Fig. 1(c), also the duty-cycles D1, D2, D3 of the three ports
are modulated, with the aim of reducing the converter loss.
Of course, the increased number of modulation parameters
increases the complexity of the approach.

It can be shown that with five modulation parameters
Dy, Dy, D3, ¢2, and ¢3 the employed three full-bridges can
generate 720 different voltage patterns, considering the number
of permutations corresponding to the different sequences of
rising and falling edges of v, va, and vs [5]. To analyze each
switching pattern with the aim of finding optimum operation,

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Transactions on Industrial Electronics. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TIE.2022.3224182

for example, in terms of losses, may easily result unprac-
tical. The literature describes different approaches reporting
converter efficiency improvements [10]-[17]. In [10], reduced
power losses are achieved by modulating the duty-cycle and
the phase-shift (penta phase-shift) based on fundamental com-
ponent analysis (FCA) of the converter voltages and currents.
While analyses based on only the fundamental components
are effective at moderate-to-high transferred power among the
ports, the true power loss differs from the fundamental power
loss at low power levels, limiting the effectiveness of the
approach. Moreover, fundamental analysis misses most of the
insight into the shape of the switching patterns, which gives
important information for switching loss reduction. A zero-
voltage switching criterion for TAB has been introduced in
[11], utilizing penta phase-shift modulation, and taking into
account all the parameters of the TAB converter, including the
parasitic capacitance of the switches, the leakage inductance
of the transformer, and the switching frequency. However,
this approach introduced in [11] neglects conduction loss. In
[12], a universal analytical model of the TAB converter is
developed utilizing frequency domain analysis (FDA) and then
exploited to pursue total loss reduction via particle swarm
optimization (PSO). The PSO searches for minimum rms
current while fulfilling ZVS constraints. As in [10] and [11],
[12] employs a look-up table (LUT) to store the optimum
modulation parameters preliminary calculated off-line. In [13],
a generalized harmonic approximation (GHA) model is devel-
oped for the TAB converter, which is then used in an on-
line gradient-descent optimization aiming at minimizing the
derived analytical model (AM) of the total rms current. The
same approach is also presented in [14] and [15], optimizing
the converter overall efficiency based on the GHA analysis.

In summary, a number of solutions are described in the
literature for TAB converters efficiency improvements. The
complexity of the optimization problem, stemming from the
converter behavior and structure and the multiple degrees
of freedom available for modulation, commonly brings to
complex analytical results and optimization approaches that
can barely achieve actual optimal operation.

A different approach is proposed herein, in which optimal
modulation parameters are pursued automatically by means
of an on-line search method based on ripple correlation
control (RCC). The proposed multi-dimensional correlation
technique is model-free, endowing the approach with general
validity. In fact, the proposed solution is effective regardless
of TAB parameters variations during operation and can adapt
modulation parameters automatically on-line. For example, the
approach well tolerates partial or total uncertainties on the
parameters of the used switches, parameters of the magnetics
and passive components, controller and plant dynamics, etc.
Such information is not needed to apply the approach suc-
cessfully and may be left unknown. The feature just remarked
extends the potential application of what presented herein to
other similar optimization problems with multiple degrees of
freedom. The features of the proposed method compared with
other relevant approaches in the literature are summarized in
Table I.

In the following, the on-line search technique based on

TABLE |
COMPARISON WITH OTHER REPRESENTATIVE APPROACHES
online core optimized
Ref. approach optimization implementation losses

[10] FCA X LUT total
[11] FDA X LUT switching

[12] FDA X LUT total
[13] GHA v AM conduction

[14], [15] GHA v AM total

herein model-free v RCC total

RCC search method in a three-dimensional space (3D-RCC)
is proposed and described to find the optimum duty-cycles for
a given set-point of voltage and power levels at the the ports
of a TAB converter. Specifically, Sec. II provides the model of
RCC establishing the central concept behind the proposed 3D-
RCC. Sec.III presents the 3D-RCC considering the optimal
operation of the TAB converter. Sec.IV discusses stability
considerations of the proposed approach. Sec. V demonstrates
the proposed 3D-RCC reporting hardware-in-the-loop (HIL)
simulation results and experimental results. Sec. VI concludes
the paper.

Il. RiPPLE CORRELATION CONTROL

One-dimensional ripple correlation control (RCC) has been
applied for photovoltaic maximum power point tracking [18]-
[20]. In these applications, the RCC objective is to optimize a
cost function z(y), namely, the photovoltaic power, which is
dependent on a state variable y, which is typically the panel
voltage or current. The technique and related nomenclature are
introduced in the following and then extended to the three-
dimensional case applied to TAB optimization in Sect. III.

Given n samples x(k—1), y(k—i), i = 1,...,n of the cou-
ple of discrete-time variables x(k), y(k), their correlation can
be described by the sample Pearson’s correlation coefficient
[21] as:

ooy = St =) = 2]y =) —gh)

v 02 (k) -0, (k)
where, 0, o, and Z, j are the sample standard deviations and
means of z and y, respectively; for example, for variable x:

> lwlk —i) — z(k)]?, )

i=1
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Assume x represents a cost function and y a controllable
variable. Three cases can be distinguished for the correlation
coefficient in (1), namely:

1) puy(k) > 0: a positive correlation between the variables

z and y. This means that the controlled variable y should
be reduced to reduce the cost function z.
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2) pay(k) < 0: a negative correlation between variables x
and y. This means that the controlled variable y should
be increased to reduce the cost function x.

3) pay(k) = 0: no correlation between variables = and y.

The sign information is enough to describe the correlation
between the two variables and decide how to modify the
controllable variable y in order to reduce the cost x.

Remarkably, the sign information is solely carried by the
numerator of (1), whilst the terms at the denominator are
always positive, by definition. It yields:

sign (pay (k) =

n
sign (Z el — 1) — (8)] - [yl 1) - y<k>]> @
i=1
Equation (4) can be represented in an approximate way as
shown in Fig. 2, where the operation of mean (i.e., average) is
implemented by means of low-pass filters.

In Fig.2 the sign of the correlation coefficient p,, (k) is
given as input to an integrator, whose output can used to adjust
the value of the controllable variable y to result in lower values
of x. For example, assume that the integrator output is used to
decrease the value of y. Assume also that a positive correlation
is found. In this case the output of the integrator increases and,
due to the positive correlation among x and y, x decreases too,
moving toward values of lower cost. Eventually, the previously
remarked properties of the sign of p,, indicate that if a local
minimum is reached, the process finds an equilibrium point at
that local minimum. In applications, the search is performed
by analyzing how a small perturbation of given frequency
superimposed to the controlled variable y correlates with the
related changes on the cost variable z.

The theoretical framework behind the ripple correlation
control is the perturbing extremum seeking control (ESC)
theory, as referred to in the field of control systems engineering
[22], [23]. ESC has been studied as an online control search
for several fields distinct from power electronics with the same
concepts of the RCC described above [24]-[26]. Its peculiarity
is the property of being a model-free approach for optimiza-
tion, which allows effective, low-complexity solutions.

The simple principle of RCC can be exploited for the search
of optimal operating points even in case of complex systems,
that is, relations among cost and controllable variables. The
principle, just discussed in one-dimensional terms, as com-
monly found in the literature, is described in the following in
a more general application that considers a three-dimensional
problem for the optimization of a TAB converter. This is
possible by performing the RCC search by using orthogonal
perturbations for the controllable variables. Herein it is shown
the case of using perturbation signals at different frequencies,
one for each controlled variable, and separately correlate the
perturbation signals with the corresponding ones present in the
cost variable.

[1l. EXTENSION TO 3D-RCC FoR TAB OPTIMIZATION

Consider now the problem of reducing the power loss
of a TAB by searching for optimal modulation parameters.
Consider also to pursue conduction loss minimization by
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Fig. 2. One-dimensional RCC principle based on (4). Low-pass filters
(LPF) are used to approximate the mean operation.

applying an RCC search having as cost variable the total rms
current:

3

3 1y (i5m5)? = f(2, 63, D1, D2, D) (5)

p=1

where weights r,, p = 1,...,3, are the equivalent path
resistances of the respective p-th port. Notably, the total rms
current depends on five modulation variables: two phase-shifts
(i.e., @2, ¢3) plus three duty-cycles (i.e., D1, D2, D3). In basic
TAB controllers, the phase-shifts are used to regulate the
voltages or the power exchanged among the ports [e.g., by
proportional-integrative (PI) regulators], while the duty-cycles
are kept fixed at 50%. Differently, more advanced modulators
can exploit the three duty-cycles to optimize the converter
operation [10], [27], [28]. Such optimization that exploits the
degrees of freedom given by the duty-cycles is performed
herein by the presented 3D-RCC approach.

The core concept of 3D-RCC is analogous to the RCC dis-
cussed in Sect. I, by splitting the three-dimensional problem,
with the three variables Dy, D2, D3, into three separate prob-
lems, each considering a single variable. The separation can
be done by employing the orthogonality principle, perturbing
each duty-cycle with a different frequency, and evaluating the
correlation between it and the cost function.

Three RCC searches can be performed concurrently by us-
ing corresponding perturbation signals at different frequencies

p=1...,3 (6)

€ sSinwpt,

and by correlating the perturbations of same frequency found
on the controllable and on the cost variables. Fig.3 displays
the resulting scheme. Each duty-cycle correlation search has
a different frequency (i.e., wy, we, and ws3) with the same
magnitude €, chosen small with respect to the full duty-
cycle. The forced disturbance of each duty-cycle is correlated
separately to the total rms current positively or negatively. By
tuning each duty-cycle value to the optimum value till the
correlation result is equal to zero, that is, the minimum rms
value is reached.

In general, as highlighted in Fig.3 and shown in Sect.V,
different cost variables can be considered, like, for example,
the input dc-current, the rms of the fundamental currents or
the total rms current.

As a final remark regarding the implementation of the
voltage control-loops, a decoupling matrix, visibile in Fig. 3, is
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Fig. 3. 3D-RCC for searching optimal modulation variables ¢2, ¢3, D1,
D2, D3. Cost variables can be rms, fundamental, or dc currents.

applied herein to slightly adjust the phase-shifts given the duty-
cycles computed online. This control refinement was originally
proposed in [10], which highlighted a coupling between the
two voltage control loops and proposed the use of a decoupling
matrix to decompose the multivariable control system into a
series of independent, single-loop subsystems.

IV. STABILITY CONSIDERATIONS

While this paper focuses on showing the application of
the RCC in a multidimensional case in power electronics and
presenting the solution to the TAB optimization problem by
exploiting this model-free method, in the field of control-
systems engineering other papers addressed the analyses and
stability study of the class of ESC approaches, to which the
3D-RCC belongs [23]-[26]. In addition to what was discussed
in the previous sections, a set of constraints should be met to
ensure a stable operation of the whole system. Once these
conditions are satisfied, the method achieves convergence
regardless of the specific converter parameters (e.g., kind of
switching devices, amount of conduction loss, etc.), hence its
model-free property. Specifically, to guarantee stable operation
of the proposed 3D-RCC, the following relations should be
considered for parameters selection.

1) Perturbation frequencies: w1, wo, and w3 in (6) must
be distinguishable, namely, orthogonal perturbation signals.
Hereinafter, wp; and w,,, indicate the maximum and minimum
values, respectively, of the used perturbation frequencies.

2) Dynamics of the plant to be optimized: the maximum
perturbation frequency wjs should be much slower than the
plant dynamics. This means that wy; should lay well below
the crossover frequency of the voltage controllers (i.e., the PI
regulators in Fig.3). In our case, typical voltage controllers
bandwidths are in the order of hundreds of hertz, then wj,
may be chosen an order of magnitude lower.

3) Low-pass filter cut-off frequency: the cut-off frequency
of the LPF in Fig. 2 should be much lower than the minimum
perturbing frequency w,,, to well approximate the average
operation in (4).

4) Correlation integration gain: the minimum perturbing
frequency must be greater than the correlation integrator gain
in Fig. 2, namely w,,, > k;. This means that the optimization
variables D;, D,, and D3 in Fig.3 change slowly even with
respect to the “slowest” perturbation signal, of frequency w,.

5) Amplitude of perturbations: the perturbations amplitude
€ in (6) should be chosen to allow small variations around the
optimal operating points (e.g., € ~1% of full duty-cycle).

V. VALIDATION RESULTS

In this section, the validation of the proposed 3D-RCC
search is reported considering the results from a HIL setup
and an experimental prototype. With the aim of demonstrating
the effectiveness of the approach considering several different
objectives (i.e., cost functions), the approach is demonstrated
while considering total true rms current optimization, total
fundamental rms current optimization, and input dc current
optimization. The use of different validation tools (i.e., HIL
and experimental prototype) and cost functions allows an
accurate validation of the optimization approach and to show
its robustness with respect to various implementations and cost
functions.

A. Hardware-In-the-Loop Validation

The real-time simulator PLECS RT-Box1, shown in Fig. 4,
has been used to model the TAB converter operation. The
considered parameters are listed in TableIl. The 3D-RCC
search and converter control and modulation are implemented
on an Imperix L.t.d. B-Box RCP controller. These first tests
performed on a HIL platform allow to focus on the validation
of the proposed technique when deployed in the final digital
control platform interfaced to an emulated plant (i.e., TAB
converter) that is free from parameters uncertainties and non-
idealities. This simplifies the comparison with solutions ob-
tained analytically or in simulation and to test the controller
before being connected to the real-hardware. Given the fixed
integration time step T, (see Tablell) possible with the
adopted state-of-the-art emulator PLECS RT-Box1, a scaled-
down switching frequency is considered with respect to the
one used with the experimental prototype. This allowed to
have Ty /Tstep = 50 steps within a switching period and
then to preserve sufficient accuracy of the obtained results. Of
course, to keep the same current waveforms and, then, their
rms, leakage inductance values are also scaled up by the same
factor as the switching frequency (cf. Table Il and Table III).

In order to show the efficacy of the proposed 3D-RCC, the
obtained results are compared with the results obtained by a
brute-force (BF) search in which, given the voltage levels and
the powers exchanged at the ports, the converter operation is
systematically evaluated at all the points of a dense mesh of
the space D1, D2, and D3. On this basis, the results obtained
by the brute-force search are regarded as the true optimum
solutions.

Fig.5 shows the obtained results at V; = 400V, V, =
320V, V3 = 480V, and P, = 350 W, while port-3 power
Ps is changing with 150 W step, with total true rms current
(5) as optimization objective. Specifically, Fig. 5(a) shows the
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Fig. 4. HIL validation setup: PLECS RT-Box1 emulates converter oper-
ation, B-Box RCP controller implements the proposed 3D-RCC search.

TABLE Il
HIL VALIDATION PARAMETERS

Parameters Value
Nominal power at each port Pr.qted kW 5
Switching frequency fsw = 1/Tsw kHz 5

Rated dc voltages V1 = Vo = V3 A4 400
Transf. turns ratio ny :

Transf. leakage inductances:

Port-1 leakage inductance L1 uH 320
Port-2 leakage inductance Lo uH 376
Port-3 leakage inductance L3 pH 328
" Sinusoidal disturbance magnitude ¢ 0.0l
Sinusoidal disturbance-1 freq. wy rad/s 24w
Sinusoidal disturbance-2 freq. w2 rad/s 207
Sinusoidal disturbance-3 freq. w3 rad/s 167
Simulation integration step Ts¢ep us 4

optimum duty-cycles found by the brute-force search (i.e.,
Dipr,Dapr, D3pr) compared to the 3D-RCC search results
(.e., Dircc, Darcc, Dsrcc)- The searching techniques give
almost the same optimum duty cycles over the considered
P5 variation. Fig.5(b) shows the total true rms currents
corresponding to the brute-force search findings and 3D-RCC
search findings, with the maximum deviation between the two
currents of less than 5%.

B. Experimental Prototype Validation

The experimental prototype in Fig. 6, with parameters listed
in TableIIl, has been implemented to verify the proposed
three-dimensional correlation search. As shown in Fig. 7, port-
1 of the converter is connected to a fixed dc-source V; =
400V, port-2 and port-3 are connected to two dc electronic
loads R, and Rg, respectively.

The 3D-RCC search together with converter control and
modulation is implemented on an Imperix L.t.d. B-Box RCP
controller, as done in the previous Sec.V-A, driving six
Imperix PEB8032-A half-bridges. Values of rms quantities
are obtained by a signal conditioning circuit based on the
integrated circuit LTC1968 by Analog Devices.

Eleven points are tested at different loads. The test cases are
chosen to represent voltage mismatch case at converter ports
with V7 = 400V, Vo = 320V, and V3 = 480V. To obtain
different load conditions, port-3 power is changed from low to
high power levels while port-2 power is fixed at P, = 350 W.
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Fig. 5. HIL validation showing, for both brute-force and 3D-RCC search,

(a) optimum duty-cycles versus power level, (b) total true rms current.
Test conditions: V3 =400V, Vo =320V, V3 =480V, P, = 350 W.
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Fig. 6. Laboratory prototype of TAB with 3D-RCC.

TABLE Il
EXPERIMENTAL PROTOTYPE PARAMETERS

Parameters Value
Nominal power at each port Pr.qted kW 5
Switching frequency fsw = 1/Tsw kHz 40
Rated dc voltages V1 = Vo = V3 A\ 400
Transf. turns ratio nq : n2 : n3 1:1:1

" Transf. leakage inductances:
Port-1 leakage inductance L1 nH 40
Port-2 leakage inductance Lo nH 47
Port-3 leakage inductance L3 nH 41

" Sinusoidal disturbance magnitude e 001
Sinusoidal disturbance-1 freq. wy rad/s 24m
Sinusoidal disturbance-2 freq. w2 rad/s 207
Sinusoidal disturbance-3 freq. w3 rad/s 167

Dead time us 1
Switching Devices MMIX1Y100N120C3H1
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Fig. 7. Structure of the experimental setup.

For each set-point the correlation search is run considering
the minimization of i) the total true rms current "™, ii) the
total fundamental rms current ;7%"¢ and iii) the input dc
current 79¢, Herein, three different cost functions are optimized
to validate the generic solution found by the proposed 3D-
RCC. It is worth recalling that optimizing the total rms current
mainly benefits copper and conduction loss, while optimizing
the input dc current allows the optimization of the overall
converter loss, including, switching loss, conduction loss,
transformer loss, etc. Then, considering the following reported
results, input dc-current optimization may lead to lower overall
loss while still showing higher total rms current with respect
to what obtained by total rms current optimization, which
is consistent. The results are summarized in TableIV. The
optimal duty-cycles found by the 3D-RCC search are reported
as Di’pt, D;pt, and Dgpt, together with the values of the
currents at the found points.

At low power levels, like at TP1, TP2, and TP3, different
final points are obtained as total rms, fundamental, or dc
currents are considered as cost variables. This is expected:
at low power levels the optimal duty-cycles are small, which
increases the harmonic content of the converter currents.
Instead, for high power levels, like for TP11, the optimization
of the cost functions gives almost the same optimal duty-
cycles since the optimal duty-cycles lie near the saturation
limit, which reduces the weight of the harmonics. The results
of optimizing each cost function are discussed in the following.

1) Total true rms current optimization: the results of the
3D-RCC optimizing the total true rms current [i.e., +""° in
(5)] are compared to the optimal points found by a systematic
brute-force search, as done in Sect. V-A too.

Fig. 8 reports the results from both the search techniques.
Small differences emerge in Fig.8(a), (b), and (c) compar-
ing the duty-cycles found by the two different approaches.
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Fig. 8. Results while optimizing total true rms current :""*. (a)-(c) duty-
cycles obtained by the proposed 3D-RCC versus a brute-force search;
(d) rms current with 3D-RCC, brute-force, PSM.

Fig.8(d) shows the quantity i"™° of the search methods,
including also the results by the simple PSM. The proposed
3D-RCC reduces i"™¢ by about 50% in some test cases as
compared to PSM. The comparison between the 3D-RCC and
the brute-force results shows the ability of the proposed 3D-
RCC to find the true optimum operating point considering the
minimization of 7", with a maximum deviation < 5%.
Fig.9 shows the dynamic response of the 3D-RCC search
optimizing 3" for TP1 of Table IV. The algorithm is started
at initial duty-cycles values all equal to 0.4 (see Fig.9(b)),
for which i"™° amounts to about 10 A (see Fig.9(a)). The
proposed 3D-RCC finds the optimum duty-cycles at DP' =
0.21, D3P = 0.23, and D" = 0.145 with "™ ~ 4.2 A,
thus reducing the total true rms current by about 58% of its
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TABLE IV
3D-RCC SEARCH OPTIMAL RESULTS FOR DIFFERENT TEST POINTS (TP1-TP11), WITH V1 =400V, V> =320V, V3 =480V, P, = 350 W.

Optimizing true rms current

Ps (i'r‘ms)

8

Optimizing input dc current

Optimizing fund. rms current
(qund)

(kW)

STM s

opt opt g sdc
Dy Dy )

A)

ifund

opt
Dl (A)

opt opt
Dl D2

TS
A)

,L'dc Z‘fund
A) A)

7:dc
)

opt opt opt ¢ - fund
Dl D2 D3 v (A)

TPy (0.20 |0.210:0.230 :0.145 :4.20 : 1.59 : 3.10 [0.212:0.239

1.57 :3.76 ]0.257:0.298 1 0.178 1 4.50 ' 1.62 : 2.96

T P> |0.350.236 :0.260 :0.160 :14.90 : 1.96 : 3.68 |0.239:0.271

1.93 3.92 10.266 . 0.316:0.187:5.08 : 2.00 : 3.54

TP3|0.50 [0.258 :0.282 :0.178 :5.54 :2.35 : 4.35 |0.259:0.302

2.33:4.40 10.276:0.326 :0.190 :5.72 :2.40 : 4.23

TP, [0.65 |0.281 :0.320 :0.195 :6.26 :2.75 : 5.00 [0.281:0.327

2.72:5.00 10.294:0.342:0.202:6.40 :2.76 : 4.90

TPs5[0.80]0.302 :10.346 10.203  6.93 :13.12 ' 5.67 |0.293 0.340

3.10: 5.70 10.306 : 0.362: 0.200:7.08 ' 3.15 ' 5.65

TPs [0.95]0.326 :10.377:0.222:7.58 : 3.50 : 6.36 |0.324:0.377

3.50:6.37 0.331:0.427: 0.214:7.58 1 3.60 | 6.33

TP7(1.10]0.340 : 0.392:0.225 : 8.22 : 3.90 : 7.06 |0.350: 0.415

3.88 1 7.1110.344:0.476:0.214 :8.79 : 3.99 : 7.02

TPg [1.25]0.358:0.410:0.238 : 8.82 14.28 : 7.72 ]0.369: 0.438

4.26 1 7.78 10.364:0.476:0.236:9.23 1 4.36 | 7.67

TPy [1.40]0.373 :0.432:0.250 :9.44 1 4.70 : 8.44 10.374:0.443

0.252:9.44 4.68  8.43]0.380:0.500:0.248 :19.81 :4.77 : 8.40

T Pio|1.550.377 10.433:0.253 :110.05:5.15 : 9.16 |0.395: 0.464

0.251:10.05: 5.05 : 9.12 ]0.393:0.500:0.259 :10.39: 5.16 : 9.10

T P11]3.65]0.495 1 0.500:0.343:17.90:10.67:17.33]0.490: 0.500

0.342:17.90:10.65:17.35]0.490 1 0.500:0.358 :17.90:10.68:17.30
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Fig. 9. Dynamic response of 3D-RCC search optimizing the true rms
current "™ of TP1. (a) total true rms current; (b) duty-cycles.

original value.

Fig. 10 shows the transformer voltage and current wave-
forms at TP1 with different modulation approaches. Fig. 10(a)
and Fig. 10(b) show the converter waveforms with duty-cycles
all at 0.4 before starting 3D-RCC, which, after being activated,
brings to the steady-state operation displayed in Fig. 10(c)
and Fig. 10(d), the optimal duty-cycles found are reported
in Fig.9(b). Fig.10(e) and Fig. 10(f) display the converter
waveforms with PSM. Comparing the current waveforms in
Fig. 10(b), Fig.10(d), and Fig. 10(f) with the corresponding
results by the 3D-RCC reported in Fig. 10(d), peak current
values appear substantially reduced for all the three ports.

2) Input dc-current optimization: the results of 3D-RCC
optimizing the input dc current (i.e., %) are now considered.

Remarkably, being the voltage at port-1 fixed as well as the
power absorbed at port-2 and port-3, such an optimization
minimizes the total conversion loss, which includes the sum
of conduction and switching loss, of the converter in Fig.7,
because it minimizes the supply current at port-1.

Fig. 11(a) compares the obtained input dc-current by 3D-
RCC and PSM. At low power levels, 3D-RCC reduces the
input current by about 30% as compared to PSM. Fig. 11(b)
reports the percentage reduction of the converter total loss,
showing a reduction > 70% for most of the test cases.

Fig. 12(a) and Fig. 12(b) show the dynamics of the 3D-RCC
recorded during operation at TP9, similar results would be
obtained considering other test points. The search starts with
initial duty-cycles values set to 0.4 (see Fig. 12(a)) with input
dc-current and total converter loss equal to about 5.15 A and
300 W, respectively (see Fig.12(b)). The 3D-RCC finds the
optimum point at duty-cycles DP* = 0.37, D3P = 0.44,
and D§"" = 0.25, where the input dc-current and total loss
decrease to approximately 4.68 A and 122 W, respectively.
The input dc-current optimization reduces the overall loss by

about 60% with respect to the conditions at the starting point.

Although total converter loss minimization does not imply,
in general, soft-switching conditions for all the converter
switches, a correlation between the two may easily emerge.
Fig. 13 shows what was obtained from this respect with the
considered converter in Fig. 7, operating at TP9 with PSM and
3D-RCC. With the currents and voltages directions indicated
in Fig.7, soft-switching conditions at devices turn-on (ZVS)
are assumed at a port if i) a rising voltage transition occurs
with negative port current ii) a falling voltage transition occurs
with positive port current [29]. Then, Fig. 13(a) shows ZVS for
port-1 and port-3 switches, while the conditions are not met for
the switches of port-2. Fig. 13(b) reports the results from the
proposed 3D-RCC method, showing that the switches of port-
2, in addition to those of port-1 and port-3, experience soft
switching. Besides, 3D-RCC optimization also reduced the
switched current values, which also contributes to decreasing
the overall converter loss.

3) Total fundamental rms current optimization: the pro-
posed 3D-RCC is used in this part to optimize the fundamental
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component of the total true rms current (i.e., i/“"?). This
practice mainly illustrates that the proposed method is generic
regarding optimizing different cost functions. Fig. 14 shows
the fundamental rms current of the 3D-RCC compared to the
fundamental current of the phase-shift modulation technique,

Fig. 12. Dynamic response of 3D-RCC search optimizing the input dc

Time (second)
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current i4¢ of TP9. (a) duty-cycles, (b) total loss.
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with a reduction up to about 70% in one of the test cases.

TableI compares the proposed 3D-RCC and other opti-
mization techniques reported in the literature, showing the
advantage of the proposed technique of providing an online
model-free optimization technique that can be adjusted to
optimize different cost functions.

In summary, besides the consistency of the obtained results
with what expected considering TAB specific application, the
experimental validation showed the effectiveness and robust-
ness of the proposed 3D-RCC approach for multidimensional
converter optimization. As a final remark, even though various
cost functions (i.e., i"™°, i/“"? and i%® in Fig.3) are con-
sidered herein to show the flexibility of 3D-RCC in solving
different optimization targets, dc-current minimization requires
only the measurement of dc currents to be performed and
should be preferred for overall loss minimization.

VI. CONCLUSION

The operation of the ripple correlation technique has been
shown considering the multidimensional problem of mini-
mizing the conversion loss of a TAB converter. Optimal
TAB modulation is a complex task, given the many variables
concurring in the converter operation. Considering typical
modulation schemes, five variables are available for control,
that is, two phase-shifts and three duty-cycles. This paper
shows that a multidimensional correlation search can be
adopted to tackle the challenge of finding optimal modulation
parameters. The proposed method makes use of an orthogonal
perturbation signal for each degree of freedom available for
optimization. Then, the modulation parameters are adjusted
on the basis of the correlation among the orthogonal signal
and the corresponding perturbation found on the variable
chosen for optimization. Orthogonality can be achieved by
using sinusoidal perturbations of different frequencies. The
method—which is performed on-line and does not require
the knowledge of converter parameters, namely, it is model-
free—shown general validity in the considered application: it
is capable of finding appropriate modulation parameters con-
sidering various quantities for optimization, like total rms, dc,
or fundamental currents exchanged at the port of the converter.
Experimental results show the effectiveness of the proposed
on-line model-free approach for the optimal operation of the
TAB.
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