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Abstract—Robustness is a crucial issue in model predictive con-
trol despite the excellent dynamic performance and effective man-
agement of multiple variables that this control strategy provides for
converters. This challenge is particularly concerning in solid-state
dc transformers (DCT) connected as input-series-output-parallel
modules because this type of DCT not only regulates the output volt-
age/power but also balances the input voltage so that the power is
averagely distributed among submodules. Static errors and limited
dynamics pose a threat to their operation and even safety. To tackle
this issue, this article proposes a novel model-free predictive control
based on an autoregressive moving average structure. Herein, the
physical model of DCTs is completely replaced by a data-driven
model. Combined with the recursive least square method with
the forgetting factor, the control system will no longer rely on the
electrical parameters, guaranteeing strong robustness. Meanwhile,
an adaptive balance controller is also proposed, which adjusts the
gain of shift angles with reduced computational burden. These
achieve accurate power/voltage allocation among all submodules
while maintaining a fast dynamic response. The experimental com-
parisons with other schemes verify the effectiveness and superiority
of the proposed method.

Index Terms—Adaptive balance controller, model-free
predictive control (MFPC), solid-state dc transformer (DCT).

NOMENCLATURE

β1, β2 Error feedback gains of ESO.
Δ System’s lumped disturbance.
η Slope of adjusting term.
γ0 Mid-point of Sigmoid function.
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λ Forgetting factor.
ωn Bandwidth of ESO.
θ, φ ARMA coefficients.
Coi Capacitor of output port of ith DAB.
fs Switching frequency.
I2i Output current of ith DAB.
I2n Normalized output current.
I2r Base value of output current.
Ioi Load current of ith DAB.
Lk Leakage inductor of HFT.
N Number of modules.
p Orders of autoregressive part.
q Orders of moving average part.
u Control signal.
ufilt Filterd control signal.
Uin Input voltage.
Uo LVDC voltage.
ubali Final control signal for ith DAB.
Uini Input voltage of ith DAB.
z1 Observed output voltage.
z2 Disturbance.

I. INTRODUCTION

W ITH the fast development of medium-voltage dc
(MVDC) systems, MV solid-state dc transformers

(DCT), serving as key-equipment at power distribution notes,
have gained numerous interests [1], [2], [3]. Such a power
electronics-based equipment not only offers the fundamental
functions of galvanic isolation and dc conversion but also pro-
vides additional smart functions, such as active voltage/power
transformation/support and the ability of optimal power man-
agement [3], [4], [5]. These advantages benefit nodes in the
distribution system and improve their autonomies.

In this MV-rated application, DCTs are to be constructed
through a modular structure due to power semiconductors’
voltage limitations and maximum current ratings. Among the
alternative topologies, the dual active bridge (DAB) converters
connected in an input-series-output-parallel (ISOP) structure are
one of the most promising schemes due to their 1) expandability,
2) high controllability, and 3) no requirement of line/medium
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frequency transformers, among other attractive features [6], [7],
[8].

To pursue benefits, such as outstanding dynamic performance
and the ability to accommodate multiple objectives, model pre-
dictive control (MPC), recognized as an advanced controller, has
been applied to DCTs in recent years [8], [9], [10], [11], [12]. Its
fast dynamic response, proficiency in managing multiple vari-
ables, and the adaptability to customer-designed cost functions
position MPC as a promising control method for DCTs. Chen
et al.[13] proposed a single-phase shift modulation-based MPC
for a single DAB converter, enhancing its dynamic performance.
In [10], a similar method was applied to a DCT, simultane-
ously controlling the output and balancing the input power. The
authors in [8] and [11] combined multiphase shift modulation
with MPC, pursuing further optimizations for the efficiency and
current stress.

However, MPC performance highly relies on the accurate
modeling and parameters, which is a crucial issue that probably
slows its applications in DCTs. Theoretically, MPC predicts
the states of switches in the next step based on the sampling
value and the known discrete model, thereby achieving the fast
dynamic and optimization of multiple targets [9]. Nevertheless,
inaccuracy models, neglected dead times, and parameter errors
degrade controller’s performance, which leads to static errors of
reference tracking and incompetent dynamic performance [14].
This concern becomes particularly pronounced in the context
of ISOP-type DCTs. These DCTs require balance controllers
for the input voltage among all submodules, preventing power
allocation bias caused by the small differences (mainly about
inductors) between each module [15], [16]. Such biases will
increase the electrical and thermal stresses on partial DABs,
decreasing the system reliability and even damaging the sys-
tem if the bias continuously accumulates. Any static error and
incompetent dynamic response will hinder this balance control
and potentially threaten the safety of DCTs.

Some previous works attempted to address this issue with
model-based solutions, for example, disturbance observer-based
(DOB) methods and online parameter identification schemes.
DOB methods exploit a specially designed observer to estimate
the deviations between the nominal model and the real plant, and
the results are then used for compensation. In this group, Zhang
et al. [8] adopted an extended state observer (ESO) for overall
uncertainty estimation, whereas Wu et al. [17] addressed an
uncertainty and disturbance estimator for robust voltage tracking
control. On the contrary, parameter identification-based methods
update the nominal model with accurately calculated parame-
ters, canceling the influence caused by parameter mismatches.
In [14] and [18], online identification of the leakage inductance
is performed with the recursive least square (RLS) method and
the control accuracy is improved.

However, the antidisturbance performance in the aforemen-
tioned methods is still affected by the use of a parametric
model and it is hard for the model-based compensation tech-
niques to completely eliminate the disturbance [14], [19], [20],
[21]. To avoid the use of physical models, the model-free
predictive control (MFPC) approach (also called data-driven)
has been recently proposed in the field of power electronics.

Various techniques have drawn tremendous attention, includ-
ing ultra-local model-based MFPC methods with ESO [22],
look-up table-based MFPC methods [23], neural-network-based
adaptive predictive control methods [24], etc. Up till now, the
applications of MFPC in DCTs have hardly been studied and
the potential has not been fully exploited. Motivated by this
thought, this article proposes a novel MFPC method based on an
autoregressive moving average (ARMA) structure, completely
eliminating the dependence on the physical model of DCTs
while maintaining fast dynamic performance. Unlike tedious
trial and error methods for order selection used in the previous
works, the order of the ARMA structure is designed by an order
selection method proposed in this work. Moreover, all the related
coefficients can be online-updated using an RLS method with
the forgetting factor (FFRLS). Therefore, the accuracy of the
data-driven model can be maintained.

On the other hand, the balance control algorithms based
on the full MPC, in previous works, mainly introduced the
input voltage into the cost function [8], [10]. This regulates
the output and achieves input balancing effectively, taking full
inherent advantages of multiobjective optimization with MPC.
However, solving this complex cost function results in a heavy
computational burden, especially as the number of functions
increases with the number of connected modules. Meanwhile,
the robustness problem of the system is not addressed, as this
method is still dependent on the system model and parameters.
Once there are errors in the parameters, the input voltage will
not be able to be balanced.

Therefore, a novel adaptive balance controller is also proposed
in this article, which dynamically adapts the gain of the con-
verter’s shift angles using a nonlinear negative feedback strategy.
Compared with the full MPC methods, this approach reduces
the computational burden, making it suitable for methods like
MFPC, which inherently involve high computational demands.
Consequently, aiming for both of the input and output side,
it combined with the proposed MFPC method, achieving fast
dynamics and accurate power allocations (MFPC-APA).

The main contributions of this work are as follows.
1) A novel MFPC method for DCTs based on the ARMA

model is proposed, along with the employment of FFRLS
identification. An ESO-based data preprocessing design is
accordingly introduced to acquire clean data and compen-
sate one-step time delay. Meanwhile, a model order selec-
tion method based on the DCT predictive control system
and time series analysis is put forward to guarantee model
fitting accuracy. The dependence on physical parameters is
eliminated while the rapid dynamics inherent to predictive
control is upheld.

2) The mechanism of voltage balance failure in the sub-
modules has been analyzed. A novel adaptive balance
controller is proposed. Compared with the full MPC
methods, this balance controller effectively balances the
input voltage, while achieving higher robustness and less
computational burden.

The rest of this article is organized as follows. In Section II,
the system model and optimal modulation are described.
Section III introduces the architecture and principle of the
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Fig. 1. Simplified topology of DCTs consisting of N DABs.

Fig. 2. Classic operation modes of DABs modulated by TPS. (a) Mode I.
(b) Mode II.

proposed MFPC method. The balance controller and the imple-
mentation of the MFPC-APA are detailed in Section IV. The
comparative experimental results are provided in Section V.
Finally, Section VI concludes this article.

II. SYSTEM DESCRIPTION, MODELING, AND MODULATION

Fig. 1 shows the simplified topology of DCTs consisting of
N DABs, where each DAB consists of two H-bridges and one
high-frequency transformer (HFT). The dynamic equation of
output low-voltage dc (LVDC) port can be derived as follows:

N∑
i=1

Coi
dUo

dt
=

N∑
i=1

I2i −
N∑
i=1

Ioi. (1)

Among the standard modulation strategies, the triple-phase
shift (TPS) modulation possesses the highest degree of free-
doms [25], [26]. There are many operation modes, i.e., the
combination of shift angles, of DABs modulated by TPS. To
purse the lowest current stress achieving high safety and high
efficiency, normally only two modes are employed as shown
in Fig. 2. As can be seen, uab and ucd are the voltage of the

primary side and the secondary side of HFT, respectively. iLk is
the current of HFT. D1, D2, and D3 are the shift angle of the
primary side of HFT, the shift angle of the secondary side of
HFT, and the shift angle between the two sides, respectively.

The output model of one single DAB for each operation mode,
along with their optimal shift angles resulting in the lowest
current stress, are listed in Table I. To simplify the analysis
process, the output current is normalized by

I2n =
I2
I2r

, I2r =
nUin

2fsLk
(2)

where m = nUo

Uin
is the voltage gain and n is the HFT turns-ratio,

which is assumed as 1 to simplify the analysis.
It can be concluded from (1) and (2) that the models used by

MPC are highly dependent on the parameters. Any inaccuracy
will result in control errors, which can be even damaging the
equipment, not to mention the errors of models themselves and
the effects of dead time.

III. MODEL-FREE PREDICTIVE CONTROL STRATEGY FOR A

SINGLE DAB CONVERTER

Instead of involving the overall DCT with N submodules,
this section introduces the algorithm design for a single DAB to
propose a clearer concept and consider the limited space. The
entire system can be designed based on this method. The fol-
lowing part illustrates the data-driven model structure analysis,
observer design, online coefficients identification, and control
signals generation in detail.

A. ARMA Model Structure Analysis and Design

Until now, the model order selection method for the ARMA
model in power electronics control has hardly been discussed.
Existing literature usually choose the model order based on
time-consuming trial and error with hardly any theoretical ex-
planations. As a result, the fitting accuracy can be described as
a matter of luck and cannot be guaranteed. In this part, a novel
model order selection method based on the predictive control
system and time series analysis is introduced.

The data-driven model of the DCT is designed in the ARMA
structure, where the tracking error of the output voltage reference
and the real value can be represented by the combination of the
previous tracking error and the control input. Furthermore, a
general ARMA(p, q) model can be written as follows:

ε(k + 1) = φ1ε(k) + · · ·+ φpε(k − p+ 1)

+ θ0 + θ1ū(k + 1) + · · ·+ θqū(k + 2− q) (3)

where p and q are positive integers representing the orders of au-
toregressive (AR) and moving average (MA) parts, respectively,
ε(k + 1) = Ûo(k + 1)− U ∗

o(k + 1) is the output voltage track-
ing error at time t = k + 1, θx and φy (x ∈ [0, 1, . . . , q], y ∈
[1, . . . , p]) are ARMA coefficients to be determined, and ū(k +
1) = u(k) is the control signal calculated at t = k − 1 while
implemented at t = k.

It can be concluded that if the structure and coefficients are
properly selected, the ARMA model above can approximate the
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TABLE I
OUTPUT CURRENT AND OPTIMAL SHIFT ANGLES OF TPS

system model behavior with satisfying accuracy [19]. Accord-
ingly, the predictive control law can be generated based on this
data-driven model, which gets rid of all the electrical parameters
so that strong robustness can be guaranteed.

As for the model structure, the ARMA model order can be
selected by proper system and time series analysis. First, the
MA order q represents the number of previous control signals
ū(k − q) that contribute to the formation of the present tracking
error ε(k). In this article, the deadbeat (DB) pattern is used.
According to the generic DB design procedure considering time
delay compensation [9], the kth output voltage Uo(k) is solely
determined by ū(k − 1) and ū(k − 2), which has the expression
as follows:

Uo(k + 2) = Uo(k) +
nUin

2f2
s LkCo

(I2n(k)︸ ︷︷ ︸
ū(k)

+ I2n(k + 1)︸ ︷︷ ︸
ū(k+1)

)

− Io(k)

fsCo
+

Δ(k)

fs
− Io(k + 1)

fsCo
+

Δ(k + 1)

fs
(4)

where Δ(k) denotes the system’s lumped disturbance at time
t = k. Hence, discarding all other controls before ū(k − 2) is
reasonable when constructing the MA part and the resultant MA
order can be chosen as 2 with good precision guaranteed.

The selection of the AR order p involves modeling the current
value of the series as a linear combination of previous values
(lags). The partial autocorrelation function (PACF) concept from
time series analysis theory can be introduced to manifest the
inherent characteristics of the system. The PACF value can be
interpreted as the correlation between ε(k) and ε(k − p)without
taking ε(k − 1), ε(k − 2),..., ε(k − p+ 1) into account [27],
[28], which can then be used to determine the AR model order.
A set of system output tracking error data is acquired via sim-
ulation, serving as the time series data to be analyzed. Then,
its PACF values corresponding to various lags, for example,
from 1 to 20 in our demonstration, are calculated with respect to
ε(k). The calculation is performed using Python (“statsmodels”
library) [27] and the PACF results of the time series data are
presented in Fig. 3 for inspection. The height of each bar is
in proportion to the relationship between ε(k) and ε(k − l)
(l means lag number). Furthermore, a significance threshold
is chosen, which means that lags with PACF values within
this threshold are regarded as insignificant and can be cutoff.
Therefore, only lags with PACF values exceeding this significant
threshold will be considered in our design, and satisfactory
accuracy can still be achieved. It is apparent that p = 5 is an
appropriate choice considering model accuracy and calculation

Fig. 3. PACF graph of voltage tracking error ε(k).

burden in our design, which can be testified by both simulation
and experiments.

B. Observer Design

The quality of data is crucial for data-driven methods, as a
well-designed data acquisition method improves both the model
and the control accuracy. To mitigate the unexpected noise in
the sampling process, an ESO is incorporated into the proposed
method. Moreover, this observer can reduce the data-driven
model’s order in the one-step delay compensation design [21].
By this technique, an accurate prediction of state variables for
the next sampling period t = k + 1 can be estimated, which is
then used for the coefficients identification of the data-driven
model. The expression of ESO is{

ż1 = bu+ z2 + β1(Uo − z1)
ż2 = β2(Uo − z1)

(5)

where z1 = Uo, z2 is the estimated system’s lumped distur-
bances and the input gain b = nUin

2fsLkCo
.

The error feedback gains β1 andβ2 can be designed according
to the desired bandwidth ωn as (6). Note that ωn strongly relates
to the observation performance. With a lowerωn, a more obvious
filtering effect {

β1 = 2ωn

β2 = ωn
2.

(6)

After discretization, (5) can be written as follows:⎧⎨
⎩

z1(k + 1) = z1(k) + Ts · bu(k) + Ts · z2(k)
+Ts · β1(Uo(k)− z1(k))

z2(k + 1) = z2(k) + Ts · β2(Uo(k)− z1(k))
(7)



KONG et al.: MFPC BASED ON DATA-DRIVEN FOR FAST AND ACCURATE POWER ALLOCATION IN SOLID-STATE DC TRANSFORMERS 1929

where z1(k + 1) and z2(k + 1) are the observed output voltage
and disturbance for t = k + 1, respectively, Ts = 1/fs is the
control period, which is the same as the switching period in this
article.

C. Online Coefficients Identification

In real applications, the characteristics of converters may vary
due to factors, such as different working conditions, parameter
change, or unconsidered disturbance [18]. Hence, developing an
online updating data-driven model with identification techniques
is of great significance, and this can be achieved through an
effective coefficient identification method called FFRLS. In this
design, the ESO illustrated in Part B generates the one-step
ahead output voltage prediction value z1(k + 1), which can-
not be directly sampled at time t = k. Furthermore, z1(k + 1)
contributes to the calculation of the tracking error ε(k + 1) at
t = k. This value, along with the regressor vector, is then used
for coefficient identification, with the parameter vector updated
online during each sampling period. This approach enhances
the robustness and time delay compensation capabilities of the
proposed controller.

First, the predicted voltage tracking error at t = k + 1 is
defined as (8), which also serves as the process output

ε(k + 1) = z1(k + 1)− U ∗
o(k + 1) (8)

where ε(k + 1) denotes the predicted output error with ESO.
Here, the voltage reference at time t = k + 1 can be approxi-
mated by U ∗

o(k) if the control period is small.
Furthermore, the aforementioned ARMA model is used for

approximating the output error of system at time t = k + 1,
which can be written in the compact form as (9) (take p = 5,
q = 2)

ε̂(k + 1) = XT (k)ϕ̂(k) (9)

where the regressor vector at t = k is defined as follows:

X(k) = [ε(k), . . . , ε(k − 4), 1, ū(k + 1), ū(k)]T .

The parameter vector is shown as follows:

ϕ̂(k) = [φ1(k), . . . , φ5(k), θ0(k), θ1(k), θ2(k)]
T

and ε̂(k + 1) means the tracking error approximated by the
ARMA model.

It is obvious that the regressor vector X(k) contains all
the known data. Hence, the FFRLS algorithm can be used to
online identify the coefficients in the data-driven model with the
following recursive equation set:⎧⎨
⎩

ϕ̂(k + 1) = ϕ̂(k) +K(k + 1)
(
ε(k + 1)−XT (k)ϕ̂(k)

)
K(k + 1) = P (k)X(k)/(λ +XT (k)P (k)X(k))
P (k + 1) = (I −K(k + 1)XT (k))P (k)/λ

(10)
where λ is a tunable forgetting factor from (0,1). Note that, this
factor should be chosen considering the comprise between the
estimation performance and robustness [20].

The updated estimation results ϕ̂(k + 1) above are then used
for the control signal generation, which will be illustrated in
detail in the next section.

D. Control Signal Generation

Assuming that the control period is sufficiently small and
the DAB model varies relatively slowly, the coefficient vector
acquired in t = k can be regarded as unchanged in the adjacent
control periods. Therefore, ϕ̂(k + 1) from (10) can be used for
one-step ahead tracking error prediction as follows:

ε̂(k + 2) = Uo(k + 2)− U ∗
o(k + 2) ≈ X̂T (k + 1)ϕ̂(k + 1).

(11)
The predicted state vector X̂(k + 1) is written as follows:

X̂(k + 1) = [ε̂(k + 1), ε(k), . . . , ε(k − 3)

1, ū(k + 2), ū(k + 1)]T (12)

where ū(k + 2) = u(k + 1) denotes the control signal calcu-
lated in the kth control period.

The purpose of the predictive control is to manipulate the
system output to track the reference in one step without any
steady-state error. Hence, the cost function can be designed as
follows:

J = (Uo(k + 2)− U ∗
o(k + 2))2 = ε̂(k + 2)2 (13)

where U ∗
o(k + 2) = U ∗

o(k) can be assumed.
The control signal of the proposed MFPC method can be

acquired by setting the partial derivative of the cost function (13)
to be zero. Consequently, it can be expressed as follows:

ū(k + 2) = −[ε̂(k + 1), ε(k), ε(k − 1), ε(k − 2)

ε(k − 3), 1, 0, ū(k + 1)]ϕ̂(k + 1)/θ1(k + 1).
(14)

Before implementing ū(k + 2) to the modulator, a low-pass
filter (LPF) should be adopted to ensure a smooth performance
and the filtered control signal ūfilt(k + 2) is given as follows:

ūfilt(k + 2) = kLPF · ū(k + 2) + (1− kLPF) · ū(k + 1) (15)

where kLPF is the filter coefficient to be tuned.
Ultimately, Fig. 4 summarizes and illustrates the aforemen-

tioned MFPC method.

IV. MFPC-APA ALGORITHM IMPLEMENTED IN DCTS

According to the analysis in Section III, this section introduces
the implementation of the proposed method in DCTs, consider-
ing the characteristics and challenges of DCTs.

A. Adaptive Balance Controller for Input Voltage

For such ISOP-type DCTs, the accurate power sharing is es-
sential for stable operations, which requires the relevant balance
controller. It has been verified that the input voltage control is
a sufficient condition rather than the output current control for
the balance controller of ISOP-type DCTs [6]. To introduce the
design of the proposed balance controller, the mechanism of
voltage balance failure is discussed first.

The simplified equivalent schematic diagram of DCT is shown
in Fig. 5(a) when the DCT is in the stable operation, which is
also the equivalent operation point A in Fig. 5(b). Assuming
that the total input voltage

∑N
i=1 Uini and the input current Iin
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Fig. 4. Flowchart of the proposed MFPC method.

Fig. 5. Diagram for the mechanism of voltage balance failure. (a) Simpli-
fied equivalent schematic diagram of DCT. (b) Current of the input side of
module 1.

are constant, and the initial voltage of submodules is balanced

(Uini = Uinav =
∑N

i=1 Uini

N ). When the input voltages of submod-
ules are perturbed, e.g., Uin1 is increase, Uin2 is decrease, and
others keep constant, IC1 will increase and IC2 will decrease.
For module 1, this leads to that I11 decreases and the equivalent
point moves from A to B. At point B, I11 is smaller than the
input current Iin, causing that IC1 keeps rise and Cin1 is still
charged. The system will away from the initial point A and this
process will continue until the system loses balance. Hence, a
positive feedback loop is formed in the input voltage, making it
impossible to resume to the balance point.

Therefore, to address this issue, an adjusting term based on
the sigmoid function is proposed to create a nonlinear negative
feedback. This adaptive term adjusts the output current (by
control signal) of a certain submodule according to its input

Fig. 6. Diagram of adjusting term.

voltage, thereby achieving the average power allocation and
balancing the input voltage across all submodules. This adaptive
controller enables less computational burden and higher robust-
ness compared with the full MPC methods.

The balance controller can be implemented as follows:

ūbali(k + 2) = ūfilt(k + 2)
Uini(k)

αbali(k)
(16)

where the ūbali is the final control signal for modulation of the
ith submodule, and the fraction term is the relevant adjusting
term. For this adjusting term, αbali can be written as follows:

αbali(k) =

∑N
i=1 Uini(k)

N − 1

⎛
⎜⎜⎜⎝ −1

1 + e
−η

⎛
⎝ Uini(k)−γ0(k)∑N

i=1
Uini(k)

⎞
⎠

+ 1

⎞
⎟⎟⎟⎠
(17)

where η is the slope of the adjusting term and γ0 is the mid-point
of the sigmoid function and it can be derived as follows:

γ0(k) =

(
ln(N − 1)

−η
− 1

N

)(
−

N∑
i=1

Uini(k)

)
. (18)

To further introduce the adjusting term, Fig. 6 shows the dia-
gram ofαbali with various slope η, whereN = 3 andUinav = 100
V to meet the experimental condition. As it can be seen, when the
input voltage of the ith submoduleUini is higher than the average
input voltageUinav (Uini > Uinav), the adjusting termαbali moves
down from 100 V. Similarly, when the input voltage of the ith
submodule Uini is lower than the average input voltage Uinav

(Uini < Uinav), the adjusting term αbali moves up from 100 V. As
shown in (16), this adjusts the gain of the system to ūfilt(k + 2).
Taking submodule 1 as an example, in the case of Uin1 > Uinav,
αbal1 < 100 V, and the gain Uin1

αbal1
> 1, so that the control input

ūbal1 increases. Accordingly, I11 will increase. So far, it results
in negative feedback. When the input current Iin is constant,
IC1 will decrease, the system can move back to the equivalent
operation point A.

B. Overall Implementation of Control Algorithms

Fig. 7 shows the block diagram of the proposed MFPC-APA
scheme in the entire DCT system. The scheme mainly consists
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Fig. 7. Block diagram of the proposed MFPC-APA method.

Fig. 8. DCT prototype for test. (a) PLECS real-time control system. (b) Signal
interface. (c) DCT with three DABs. (d) Oscilloscope. (e) Power supply.

of two parts, i.e., the MFPC-APA algorithm and the optimal
modulation. The former one further comprises the MFPC al-
gorithm, ESO, and adaptive balance controllers. The filtered
control signal ūfilt can be calculated as shown in Fig. 4. Then, the
adaptive balance controllers [see (16)–(18)] adjust it according
to the real-time input voltage of each submodule, achieving
average power allocation and accurate input voltage balancing.
Ultimately, the revised output signals ūbali(k + 2) will be sent
to the optimal modulation (see Table I). In the second part,
based on the current range, the relevant optimal shift angles
Dij(k + 2), (i ∈ [1, 2, . . ., N ]), (j ∈ [1, 2, 3])will be calculated
and sent to the gate drivers system.

V. EXPERIMENTS RESULTS

A DCT prototype with three modules is built to verify the
proposed method. Fig. 8 shows the prototype and the parameters
are listed in Table II.

The performance of the proposed MFPC-APA method is
experimentally compared with the PI-based method [16] and the
conventional MPC method [10] in various cases including load
step, reference step, accurate parameters cases, and inaccurate
parameters cases.

Figs. 9–11 show the experimental results of three methods
when the load steps. For the PI-based method, the parameters
are tuned to be an optimized pair for no parameter mismatch
case. The pretuned PI gains are multiplied by a parameter
mismatch-related percentage to simulate the case when the pre-
tuned controller encounters parameter change during operation.

TABLE II
SPECIFICATIONS AND PARAMETERS OF PROTOTYPE

TABLE III
STEADY-STATE ERROR OF THE CONVENTIONAL MPC METHOD WITH

L′
k1 = 0.2Lk1, L

′
k2 = 0.5Lk2,AND L′

k3 = 0.8Lk3

Fig. 9 shows the results without any parameter mismatch.
The output voltage Uo is controlled to a constant value U ∗

o .
The step of connected load results in that the required power
is changed. Therefore, the output voltage Uo is forced to drop
due to the instantaneous power gap. As can be seen, compared
with the PI-based method (20.5 ms), the predictive control-
based methods hold the faster recovery time, which is 4.4 and
4.1 ms for the conventional MPC method and the proposed
MFPC-APA method. In all three methods, there is no obvious
steady-state error in the controlled Uo. The input voltages of
three submodules are balanced to their average voltage Uinav

(
∑N

i=1 Uini

N = 300V
3 = 100V).

When it comes to parameter mismatches case, the same exper-
imental conditions with setting leakage inductors mismatches
(L′

k1 = 0.2Lk1, L
′
k2 = 0.5Lk2, and L′

k3 = 0.8Lk3) are shown
in Fig. 10. The PI-based method holds the longest recovery time
(20.7 ms), and the proposed MFPC-APA method presents the
shortest recovery time (4.2 ms) without any static error in both
input side and output side. The conventional MPC method shows
the medium time (5.3 ms). However, its control performance
suffers unacceptable deterioration. The error of output voltage
ΔUo = U ∗ − Uo is from 1.70 to 3.34 V. The transient response
becomes slower compared with the no parameter error case.
Also, the power of each module cannot be accurately allocated
due to the inductors mismatches, which results in unbalanced
input voltage. The relevant results in this case are summarized
in Tables III and VI, where the light load represents Io = 3.1
A and the heavy load represents Io = 7.8 A. With the proposed
MFPC-APA method, the steady-state error can be completely
eliminated while similar dynamic performance remains.

Fig. 11 shows the case, where the leakage inductors are set
as L′

k1 = 1.7Lk1, L
′
k2 = 1.3Lk2, and L′

k3 = 1.0Lk3. The PI-
based method holds the longest recovery time (20.8 ms), and
the proposed MFPC-APA method exhibits the shortest recovery
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Fig. 9. Experimental waveform of load step without parameter mismatches. (a) PI method. (b) Conventional MPC method. (c) Proposed MFPC-APA method.

Fig. 10. Experimental waveform of load step with parameter mismatches (L′
k1 = 0.2Lk1, L

′
k2 = 0.5Lk2, and L′

k3 = 0.8Lk3). (a) PI method. (b) Conventional
MPC method. (c) Proposed MFPC-APA method.

Fig. 11. Experimental waveform of load step with parameter mismatches (L′
k1 = 1.7Lk1, L

′
k2 = 1.3Lk2, and L′

k3 = 1.0Lk3). (a) PI method. (b) Conventional
MPC method. (c) Proposed MFPC-APA method.

TABLE IV
STEADY-STATE ERROR OF THE CONVENTIONAL MPC METHOD WITH

L′
k1 = 1.7Lk1, L

′
k2 = 1.3Lk2,AND L′

k3 = 1.0Lk3

TABLE V
TRANSIENT RESPONSE TIME OF Uo OF THREE METHODS WITHOUT

MISMATCHES

time (4.5 ms) without any static error in both input side and
output side. The results of the conventional MPC method reveal
the similar characters to the former case, including the impeded
recovery time (6.2 ms), the errors of output voltage (ΔUo is from

TABLE VI
TRANSIENT RESPONSE TIME OF Uo OF THREE METHODS WITH

L′
k1 = 0.2Lk1, L

′
k2 = 0.5Lk2,AND L′

k3 = 0.8Lk3

TABLE VII
TRANSIENT RESPONSE TIME OF Uo OF THREE METHODS WITH

L′
k1 = 1.7Lk1, L

′
k2 = 1.3Lk2,AND L′

k3 = 1.0Lk3

−0.53 to −2.42 V) and input voltage. The relevant results are
summarized in Tables IV and VII.

Next, the experimental results of reference steps are shown
in Figs. 12–14. Such steps require promptly and accurately
controlling the changed power in an instant.
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Fig. 12. Experimental waveform of reference step without parameter mismatches. (a) PI method. (b) Conventional MPC method. (c) Proposed MFPC-APA
method.

Fig. 13. Experimental waveform of reference step with parameter mismatches (L′
k1 = 0.2Lk1, L

′
k2 = 0.5Lk2, and L′

k3 = 0.8Lk3). (a) PI method.
(b) Conventional MPC method. (c) Proposed MFPC-APA method.

Fig. 14. Experimental waveform of reference step with parameter mismatches (L′
k1 = 1.7Lk1, L

′
k2 = 1.3Lk2, and L′

k3 = 1.0Lk3). (a) PI method.
(b) Conventional MPC method. (c) Proposed MFPC-APA method.

Fig. 15. Experimental measurement of estimated parameter vector under reference step case.

Fig. 12 shows the results without any parameter mismatch.
As can be seen, the PI-based method still spends the longest
time (37.4 ms) to track the new reference and it leads to a high
overshoot (7.41 V). The predictive control-based methods spend
much shorter time without overshoot (11.4 ms for the conven-
tional MPC method and 12.9 ms for the proposed MFPC-APA

method). Meanwhile, no obvious static error can be found in all
three methods.

In Fig. 13, where the L′
k1 = 0.2Lk1, L

′
k2 = 0.5Lk2, and

L′
k3 = 0.8Lk3, the conventional MPC method presents steady-

state errors in output voltageUo (ΔUo is from 1.41 to 1.70 V) and
input voltage. Its transient performance (13.8 ms) is prolonged
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due to the large parameter mismatches. For the proposed MFPC-
APA method, the fastest tracking time (12.9 ms) is achieved and
no steady-state error can be found.

Fig. 14, where the L′
k1 = 1.7Lk1, L

′
k2 = 1.3Lk2, and L′

k3 =
1.0Lk3, shows the similar results as those in Fig. 13.

Based on the comprehensive comparison results from
Figs. 9–14, the performance of the three methods can be sum-
marized from Tables III to VII, where Tables III and IV con-
clude the conventional MPC method’s steady-state error while
Tables V–VII compare the response time of transient for all the
working conditions.

As it can be seen, the proposed method achieves accurate
power allocation and voltage regulation for the input and output
sides while keeping fast dynamic performance.

Besides, the experimental measurement of the estimated pa-
rameter vector in (9) under voltage reference step condition
is visualized by Fig. 15. As can be seen, all the parame-
ters can converge to a certain value in the steady state and
the system remains stable after the reference sudden change,
which proves the feasibility and robustness of the proposed
method.

Lastly, as shown in Figs. 9–14, the steady-state power quality
of the output voltage and current using the proposed method
is nearly the same as that of the compared methods. However,
the proposed method does not exhibit steady-state errors in the
presence of parameter mismatches.

VI. CONCLUSION

In this article, we proposed an MFPC based on ARMA struc-
ture for ISOP-type DCTs consisting of DABs. Combined with
the proposed adaptive balance controller, this method achieves
accurate power/voltage allocation among all submodules while
keeping fast dynamic performance. The ARMA structure is an-
alyzed, followed with the detailed method to select the relevant
orders of coefficients. Coordinating with the FFRLS scheme,
the proposed MFPC-APA method completely gets rid of all the
electrical parameters so that strong robustness can be guaran-
teed. In addition, an ESO is presented to clean the sampled
data and reduce the data-driven model’s order in the one-step
delay compensation design. Then, the mechanism of voltage
balance failure is discussed. Accordingly, the novel adaptive
balance controller is introduced, which efficiently balances the
input voltage with less computational burden compared with
full MPC methods. The experimental results demonstrate that
the proposed MFPC-APA method regulates the input and out-
put sides with higher robustness and maintains fast dynamic
response.
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