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Abstract—Model predictive control (MPC) is widely employed
for power converters in energy storage systems. However, the lim-
ited sampling frequency of microcontrollers and model mismatches
can cause trajectory tracking errors in both dynamic and steady
states, potentially damaging electrical equipment and reducing the
lifespan of electrical devices. To address these issues, this article
proposes an adaptive constraints model active mismatch predictive
control (AC-MAMPC) method for power converters. The induc-
tance and capacitance values of the system model can be actively
adjusted in the state-space model to eliminate current ripple caused
by control delays. For model mismatches resulting from the pro-
posed active model mismatch mechanism and perturbations, an
adaptive constraints method for online optimization of MPC is
introduced to handle plant model mismatches without updating
model parameters. The performance of the proposed method is
validated through simulation and hardware experiments.

Index Terms—Active mismatch, adaptive constraints, current
ripple, model mismatch, model predictive control (MPC).

I. INTRODUCTION

HE future power system will integrate more distributed
microgrids, consisting of renewable energy sources and
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various types of energy storage systems (ESS) [1]. To balance
power between generation and load, power electronic devices
are employed to achieve the charging and discharging of ESS.
Therefore, developing efficient control strategies for ESS power
converters is crucial to maintaining the stable operation of
microgrids.

A. Literature Review

Model predictive control (MPC) is well-suited for multiple-
input multiple-output nonlinear plants with complex dynam-
ics [2], making it widely used for controlling power converters
over the past decade. The cost function in MPC is formulated
by comparing the target value with predicted system states,
allowing the future behavior of the power converter to be pre-
dicted based on mathematical models [3]. Therefore, an accurate
model of the power converter is essential for predicting its
system states. Shan et al. [4] model the dc—dc converter for
both switch-ON and switch-OFF modes under ideal conditions,
with switch actions (OFF or ON) obtained directly by solving
the cost function. In [5], the state-space averaging method is
used to model converters, considering uncertain modeling errors
as system states in the modeling process. The system model
proposed in [6] includes different modes of switch operations,
accounting for the nonlinear behavior of dc—dc converters, with
disturbances regarded as additive white Gaussian noise. For ESS
modeling, Song et al. [7] actively injected signals into the model
battery to improve the estimation accuracy of battery states.

In addition, various research works aim to improve the control
performance of MPC by enhancing the control mechanism. The
paper presented in [8] introduces a two-stage MPC method for
flying capacitor converters to reduce dynamic error by consider-
ing current tracking error and the balance of floating capacitors.
Liu et al. [9] proposed a hybrid MPC and PI controller for
hybrid energy storage system (HESS), where MPC generates
the current reference for the battery and supercapacitor (SC),
and PI controllers track these references. Zhou and Preindl [10]
presented a variable switching frequency MPC with constant
sampling time, where the carrier wave frequency is obtained by
afrequency controller to ensure critical soft switching operation,
and the duty ratio of the converter is generated by the MPC
controller. In [11], the tracking error in each control interval is
used to update the tracking reference to eliminate dynamic error.
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The work in [12] employs nonlinear inductors in dc—dc convert-
ers to achieve faster power transfer, with Luenberger observers
estimating the parameters of nonlinear inductors for modeling
the predictive mode. The research work in [13] constructs a
virtual capacitance in the system model to make the predicted
value of MPC tolerate the effect of noise. However, there are
still challenges in applying MPC methods to power converters
of ESS.

1) Model mismatch problem: DC-DC converters exhibit un-
modeled dynamics, which can lead to a mismatch between
the mathematical model and the physical plant.

2) Control delay problem: MPC method has a one-step con-
trol delay, especially when the sampling frequency of the
microcontroller is limited, can affect control performance.

For model mismatch problems, disturbance observer-based

methods and model-free MPC strategies are two common ap-
proaches to mitigate the influence of physical parameters. Dis-
turbance observer-based methods address parameter variations
by observing and compensating for disturbances caused by
model mismatch. In [14], the system matrix is identified us-
ing the recursive least squares method. To enhance robustness
against machine parameter mismatch, Niu et al. [15] used sliding
mode to estimate inductance and flux mismatch. Tao et al. [16]
proposed an active disturbance rejection control scheme to
address unknown dynamics and external disturbances. These
uncertainties are compensated for in the control law to enhance
dynamic performance. Panda and Subudhi [17] introduced a
robust distributed secondary control strategy for voltage and
frequency regulation in islanded microgrids via voltage source
inverters. This approach employs an extended state observer
(ESO) to estimate disturbances and guarantee system stabil-
ity. Model-free MPC [18], [19], [20], on the other hand, uses
only the input/output data of the controlled plant instead of
a dynamic model structure to determine control signals. The
research proposed in [18] utilizes an event-triggered mech-
anism to reduce switching losses, and a fuzzy logic system
is used to approximate the ultralocal mathematical model of
converters to address uncertainties and tracking errors. In [19],
an ultralocal model for power converters is deduced, where
parameter mismatches are considered as lumped disturbances,
which can be estimated using current and voltage data from the
last control period. The ESO framework can also be extended
to model-free MPC, in [20], the linear ESO takes the unknown
parts as state variables, and the predicted value of the system
state can be estimated by ESO. Similarly, Babayomi et al. [21]
introduced a parallel-cascade ESO combined with model-free
MPC to control dc—dc boost converters, improving measurement
noise suppression. While disturbance observer-based methods
and model-free MPC demonstrate strong robustness against
disturbances, they still face challenges such as parameter tuning
during implementation and persistent one-step control delays.

For the one-step control delay problem, Zhang et al. [11]

calculated the voltage vector reference at the kth moment based
on the assumption that the system state can track the reference
voltage vector at (k + 2)th moment instead of (k + 1)th mo-
ment. In [22], the error between the actual output voltage and
the estimated voltage value caused by control delay is considered
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Fig. 1.  Control strategy of AC-MAMPC.

in the cost function of MPC. In [23], the predicted variables are
obtained using a data-driven model, and an ESO is adopted to
obtain more accurate stator currents considering delays. In the
work proposed in [24], the time delay is calculated based on
the sampling currents, and the current variation caused by the
control delay is predicted and used to compensate the control
actions. However, these delay compensation methods require a
precise mathematical model of the converters.

B. Main Contributions of This Article

Motivated by the aforementioned discussions, the research
gap can be summarized that the existing control methods in
dc—dc converters encounter issues including high control sys-
tem complexity, the necessity for precise mathematical models,
and difficulties in parameter tuning when addressing control
delay and model mismatch problems. For these issues, this
article presents an adaptive constraints model active mismatch
predictive control (AC-MAMPC) method for power converters
of ESS to compensate for tracking errors caused by one-step
control delay and model mismatch. As the most commonly used
structure of HESS, battery-SC and basic bidirectional dc—dc
converters are used as the controlled system in this article. The
main contributions of this article can be summarized as follows.

1) An active model mismatch mechanism that operates with
linear ideal models is presented to mitigating the impact
of control delay and disturbances on performance.

2) To deal with plant-model mismatch problem, the con-
straints of optimization can adaptive variation instead of
updating the system parameters and it only requires the
feedback information.

II. SYSTEM DESCRIPTION AND CONVENTIONAL MPC
(C-MPC) METHOD

The structure of an islanding microgrid with an HESS is
shown in Fig. 1. HESS, photovoltaic (PV) panel, and dc load
are connected with dc bus through dc—dc converters. Here, 4,
ip, ipyv, and 4, are the current of SC, battery, PV panel, and load,
respectively. v, and vy are the voltage of battery and SC. Ly, Sy,
Ly, S are the inductance and duty ratio of power converters. C'
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is the equivalent capacitance on dc bus. v, is the output voltage
of dc bus.

To keep the power balance of microgrid, the control strat-
egy of HESS should take over the charging and discharging
behaviors of HESS to provide or absorb the power. In C-MPC
method [25], [26], the power control loop (or voltage control
loop) is formulated according to power balance equations, and
the discrete difference equations share shown that

{'Uo (k; + 1) = Uo(k) + % (Ziless(k‘) + Zé)v - Zo(k)) (1)
Poss (k + 1) = BOSS(k)

where t, is the sampling time. i, (t), 7, () are the de-
dc output current of HESS and PV, and i + i, = (P +
Phess — Ploss)vo’l. Biess, Ppv are the power of HESS and
PV. P is the power losses of energy conversion. Setting
Phess and v, as the control variable and output variables,
and the system state is 7, = [Av, APos vo]7. The N,-
dimensional matrix Y, represents the predicted value of v,:
Y, =[v(k+1) vo(k+2) vo(k + Np)]T, and N, is
the predictive horizon. Y, is obtained by (1), it can be expressed
as

Y, = Qomo(k) + ¢0APhess 2)

where @), and ¢, are the predictive matrix acquired by aug-
mented state-space model. In the power control loop, voltage
regulation is achieved by controlling Y, to track the reference
output voltage Vi, while minimizing variations in the control
action A Pys. Accordingly, the cost function can be formulated
as

Jo,é) = (Vref - YO)T (Vref - Yo) + APhessélAP}Z;ss (3)

where 6 represents the nominal values of system parameters.
Ry is the optimization coefficient. The current references of
battery and SC, denoted as % ref and g rer, are derived from
optimal power reference of HESS P 5, which is obtained by
minimizing (3)

flpf <Pl;kess,9) .

* *
Phess,@ - flpf (Phess,G
5 Usc,ref =

(%) Usc

Z‘b.,ref = ) (C))
where fips(e) is the one-order low-pass filter. SC is employed to
handle high-frequency power fluctuations due to its high power
density, enabling rapid charge/discharge cycles for dynamic
power compensation.

In the current control loop, the system models are

{ib (k+1) = ip(k) + 7= (vp (k) — (1 = Sp(k))vo(k))
Vp (k + 1) = 'Ub(k)

where S, are the duty ratio of power converters connected
with battery, and the system state is ¥, = [ Aip, Avy, iy, |7

Similarly, the cost function of battery current control loop is

Joo = (ipret — Vo) (iprer — Ys) + ASyRoASE

&)

1
= 5AS{E},AS{, + ASyFy,

{Eb =2 (0" dv + Ro) ©

F, = 2¢bT [ib,ref - beb(k)]
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Fig. 2. (a) Current ripple caused by control delay in steady state. (b) Current
ripple caused by control delay in steady state under the active model mismatch.

where Y} is the predicted values of iy, ¢y, is the parameter matrix
obtained by substituting into and simplifying (5), and Ry is the
weight of the cost function. For the constraint of the optimization
problem, the duty ratio should be less than 1: 0 < S, < 1. Also,
1, and state of charge (SOC) of battery should be maintained
within the safe range. The duty ratio of power converters .S, can
be obtained by minimizing (6).

In the SC current control loop, the system model can be shown
as

{isc (k+1) = isc(k) + %L (vse(k) = (1 = Ssc(k))vo(k))
vie (k 4+ 1) = vie(k) + & (i)

(7N
where S, are the duty ratio of power converters connected with
SC, and the system state is 7. = [Aie Avge isc]?. The cost
function of SC current control loop js ¢ are designed as same
as that of battery current loop.

III. ACTIVE MODEL MISMATCH MECHANISM
A. Analysis of Control Delay and Model Mismatch Problem

C-MPC method introduced in Section I is able to maintain the
output voltage as Vi.t, however, the control delay would increase
current ripple and voltage fluctuation, and model mismatch
problem would also affect control performance.

The control delay time ¢4 is consist of sampling time delay
tq,:, and optimization delay t4 op

tg=1tqz, +tdop- (8)

Fig. 2(a) shows the processing about how the control delay
lead to current ripple, where optimization delay 24 op is caused
by the online optimization of MPC. To analyze the optimization
delay formation, consider the case where all MPC constraints
(except the duty ratio range) remain inactive. Under this condi-
tion, the system output depends solely on the duty ratio. At ko,
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1y is close to %y, rer, the following relationship holds:

lea (ko) < |Ady,, ©)

where |Ai,, | is the maximum current falling within single
sampling period ¢, when the duty ratio is maintained at 1

ls
— L—b (UO (k()) — Up (k())) :

At ko + 1, since the tracking error is less than maximum
current variation, the constraint about duty ratio is an inactive
constraint, and the optimization problem of (6) becomes an
unconstrained problem, hence the optimal control actions can
be obtained by minimizing Jy g

dJyg
ds;

Due to (ko) is close to ip rer, it has: iprer — Qpxp (ko) ~ 0.
According to (6), F} and the global optimal solution calculated
at kg can be calculated

Fylk=ko =0
AS;y (ko +1) = 0.

(10)

’Azb’ts

=0,AS;y=—E,'F, (11)

(12)

At ko + 1, the unchanged control action at k results in a one-
step delay in responding to the tracking error, which is shown
in (13), where w; is the random disturbance in current control
loop. This one-step delay is referred to as the optimization delay
L4,0p 1n this article

ls
€ib (ko + 1) = — ('UO —vp + wz) - ‘eib (k0)| .

I 13)

So, the magnitude of |Ai,, | and |Az, | dictates the current
ripple induced by optimizaﬁon delay. 7

Sampling time delay ¢4, caused by the one-step unsynchro-
nization between control action and system state. The control
action decided at kg + n based on the feedback information at
ko +mn — 1, and it works at kg + n + 1, which would cause the
current ripple. Neglecting the inductor current waveform caused
by switching actions, the current ripple caused by control delay
problem can be calculated that

Nipg = |Aiy | + | A |

= Qt—s (Vo + w;) — |ei (ko)| — lew (ko +5)[. (14)

Ly

The currentripple Ay, g induces additional voltage fluctuation
of magnitude % Ady g.

Furthermore, model mismatch degrades control performance.
As shown in (10), the falling of inductance in system model,
vaé = L, — ALy, would increase both the maximum current
deviations (|Aé,, |and |Ai}, |), consequently, and the current
ripple would be increasing cémparing with (14)

ALy
Ly — ALy
In contrary, as shown in Fig. 2(b), increasing the inductance

in the system model reduces the current ripple caused by opti-
mization delay. This occurs because higher inductance makes

Ay, 5 = Aipg + (Vo —wp) . (15)
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the MPC more sensitive to small tracking errors, leaving only
the sampling delay-induced current ripple. However, v, at the
instant when the control system initiates current decay will be
larger than when it initiates current rise, according to (10), it has

iy | (1= 8,0) > |2,

S b (16)

Hence, comparing with the current reference % rcf, the maxi-
mum current falling ripple |Ad, | is larger than the maximum
current rising ripple \Azj , introducing steady-state tracking
error.

Analogously, in the power control loop, reduced capacitance
amplifies voltage fluctuations while increased capacitance lead
to voltage steady-state error.

B. Updated Algorithm of Inductance Active Model Mismatch

According to the analysis in Section III-A, the sampling time
delay and optimization delay would cause additional current
ripple. To compensate the control delay, this article introduces
disturbances to the inductance of dc—dc converters

Ly s =Lyo+ 01
Lsc’é = LSC,9 + 92

él,ég > 0. (17)

The generation process of current ripple under active model
mismatch mechanism is shown in Fig. 2(b). To eliminated the
optimization delay, the inequality constraints of the optimization
problem should be active when 4 is close to @y rr, SO the
magnitude of Aiy , [5,—0 and A, |s,=1 should be reduced by
adjusting the systém model. The current ripple with the active
inductance disturbance can be written as

L,
— (Vo +wi) — |eq (ko)| — |ein (ko + 3)]

Aty g = L -
b0

Aib,é < Aib’g. (18)

So the current ripple can be reduced. Similarly, the active
model mismatch on L. can eliminate the current ripple of SC
current. According to the switching characteristics of power
converter, in continuous current mode, the maximal current
change in steady state can be written as

ts

1 — Dy) Dyv,
po (1= Dy) Dy

AZ.b,max = (19)
where D; is the duty ratio of the power converter at static
operation points. Hence, the disturbances on inductance should
follow

— 7 |(wp(k) — (1 = Sy(k)) vo(k))| = Aipmax  (20)

Substituting (19) to (20), the active disturbances on inductance
should be

Log _ (1 — Dy) Dyv, (k)

Ly~ [(ws(k) = (1= Sy(k)) vo(K))]

21
Tos = 21
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To reach the minimal current ripple, 6, should be selected
as the maximum within the range shown in (21). However, the
active disturbances on inductance would cause the tracking error
in current control loop, especially if the current level of HESS is
low, the tracking error in current control loop would lead to larger
steady-state error on dc bus voltage, which would bring more
challenge for model mismatch compensation. So the current
adaptive factor ce =% (*) is introduced to address this problem,
and « is a constant and a € (0, 0.5), the selection of « is based
on the voltage conversion rate of power converter. Hence, the
updated algorithm of inductance active model mismatch is

(1 - Db) Don<k7)
[(vp (k) — (1 = Sp(k)) vo(K))|

— e k) _ 1

0, = Lyg (

X (22)
Also, L 5 and 03 can be obtained by the same way. The
cost functions in current control loop under the active model
mismatch is shown

1 T
Jb,é = §Asb EbyéASb + ASbe’é

Jeg= %ASS:’;E 7ASe + ASF,

sc,0 sc,0”

(23)

IV. PROPOSED AC-MAMPC

A. Analysis of Model Mismatch Problem in Current Control
Loop

Model mismatch can reduce the tracking accuracy of MPC
control, and the active model mismatch mechanism introduced
in last section would bring additional mismatch problems. To
address this issue, an adaptive constraints method is proposed
in this section.

The optimization problem for the system model with normal
value can be expressed as

1
argmin Jy 9 = §AS}TE;,AS{, + AS,F),

st G(ASy,0) <0. (24)

Assuming the optimal problem (24) satisfy the KKT con-
ditions, and it has unique Lagrange multipliers and optimal
solution 'y = [ AS} ,]7.

According to the basic sensitivity theorem proposed in [27],
there existing unique 'y = [A; Asg’é]T for the optimization
problem with disturbance 6=0+NA0

1
arg min Jb,é = §AS;;FEb7éASb + ASbeJ;
LG (ASy,0) <0
G (Asb, é) — MAS, — 1 (25)

where M AS, < n is the matrix of constraints. According to
dual feasibility conditions, it has
6) =0

FiViaa+ Y % VG (As;,,

JE€G

(26)
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Fig. 3.

Steady-state error caused by model mismatch.

where G, is the set of active constraints. Hence, the changing
of Iy with the variation of model mismatch A6 can be expressed
as

AR+ 32{;1;‘,9A (as;,)

Hence, to compensate the model mismatch Aé, Fé should
change following (27).

Aé~af} _ ofi

06— 0w

@7

B. Updated Algorithm of Adaptive Constraints

The active model mismatch mechanism presented in
Section IIT contributes to the model mismatch A#. In addition,
system nonlinearities, dynamic power losses, component param-
eter variations, and random disturbances also contribute to AD.
Consequently, it is challenging to determine I'; directly based
on (27). While, the Lagrange multipliers and optimal solution
can be calculated based on the set of active constraints G

-1
o _ 1T -1
Moy = = (MEIMT) ™ (ny + ME, JF, )
* —1 . T %
AS ;= —E; (F b T M; ’\é,j)

J € G- (28)

Hence, I'j can be acquired by adjusting the active constraints
to compensate the model mismatch.

Since constraints about current limitation and SOC are inac-
tive constraints in most cases under the steady state, the set of
active constraints depend on constraints about duty ratio. The
adaptive duty ratio constraint is designed as

Gup (A5, 0) < ¢ (29)
where G, is the upper limit for duty ratio, & is the adaptive
factor. The updated law of adaptive factor is shown as

[ fipr (ein(k))
Ek)=¢(k—1)+ B -si n{
(k) = € (k= 1) + B -sign | TP
where B is the updated parameter. Fig. 3 shows the negative
steady-state error caused by model-mismatch, gy, is the switch-
ing period.

Theorem 1: If the optimal problem with normal value has
unique optimal solution ASj ,, there is existing B that making
the constraint convergence at the active constraint G; for AS; »
when f(k) = hmkﬁ+oo f(k')

Proof: According to (30), during the single switching pe-
riod when fip(e;s) is negative, the changing of adaptive factor

(30)
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is

Atsiw+ | fipt (€ib)] + tsw
AE=B.—* —B - (tew — tp) .
2 ——

€1V

tp

Since t, > t,, when the steady-state error is negative, and &
keeps increasing, so the duty ratio at steady-state become D —
D(1 =€), according to small signal model of de—dc converter

di ) .
L% =0+ (1=D(1=¢)) 0, — Vod.

The average battery current I; will decrease with the increas-
ing of £, and ¢,, would decrease based on (31).

To maintain the constraint convergence at active constraints,
when fipr(e;y) is negative, ¢, should be always greater than or
equal to t,,. Since

tow (| fipe (ean ()| — ALy (k + 1) + Aiyf)

(32)

tp(k+1) = YN
tsw = tp + tn. (33)
To keep t,, > t,,, the inequality (34) should be satisfied
Jm | fipr (e (k)| — ALy (k +1) > 0. (34)

Selecting a small enough B to make|fipr(ein(ko))| >
Aly(ko + 1) at k = kg. According to (33) and (31), it has

tp (ko) > tp (ko +1)

A& (ko) > A& (ko +1). (35
So (36) is satisfied
Al (ko +1) > Al (ko + 2)
n=+4oo
> AL (kg+n)<eexB. (36)
n=1
Hence, there existing a maximum B to guarantee
n=-4o00
| fipe (ein (ko)) = > ATy (ko +n)
n=0
= lim |f1pf (elb(k))\ — AIb (k =+ 1) > 0. 37
k—-+o00
|

C. Adaptive Constraints and Model Active Mismatch in Power
Control Loop

The overall control scheme for the proposed AC-MAMPC
is shown in Fig. 1. The dynamic mode enable block is used to
judge whether the system is in steady-state (1) or dynamic mode
(0). In steady state, the inductance and constraints are changing
based on (22) and (29), and the capacitance C keep the original
value. The changing of inductance would eliminate the current
ripple, and the adaptive variation of constraints about duty ratio
can compensate the model-mismatch caused by the changing of
inductance.
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In the dynamic mode, the increasing of inductance would
lead to slower response, so the inductance of power converter
and constraints about duty ratio would return back to the original
value. Unlike the model active mismatch in current control loop
that the inductance is rising, the capacitance C' should decrease
to enlarge the voltage ripple caused by control system in dynamic
response, and the dynamic error can be reduced. The action
model mismatch on capacitance is shown as

Cy = Co = By ([Vier = vo(F)]) (38)

where Bj is the active model mismatch parameters. Due to
Cs = Cg when v, (k) = Vi, the overshoot caused by capaci-
tance mismatch can be avoided.

For power control loop, the dynamic power losses and distur-
bance can lead to additional model mismatch, so, the constraints
of (3) should be variation. The updating law of constraint about
HESS power is designed as (39), which is as same as that of
duty ratio

Go (AP 0) < =&,

Jipt (e (K))
ey (k)

where G, (A PBess, 0) is the constraint about HESS power. The
flowchart of AC-MAMPC can be seen in Fig. 4.

€0(k) = & (k— 1) + B, - sign [ ] (39)

V. SIMULATION RESULTS

In this section, the proposed method is verified through MAT-
LAB/Simulink, the system parameters are shown in Table I.
According to the analysis in Section III-A, the current ripple
magnitude induced by control delay and model mismatch re-
mains independent of the HESS power level, and in low power
situation, the effects of current ripple and control track error
become more pronounced in their impact on output voltage
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TABLE I
SYSTEM PARAMETERS

Parameter Vies vp Vse C
Normal Value 48V 24V 24V 500pF

Parameter Ly,Lse fs fsw N,,N.
Normal Value | 3mH 10kHz | 5SkHz 43

7, C-MPC
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s < b, B2 Lw

=2 2 18ms 1S 18ms 5 A 1.8ms ™, LT 1L8ms

© i “4 i

Aiy, =294 o] A, =194 -6 BigL3sq | 1| AL, =174
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Fig. 5. Control performance of AC-MAMPC and C-MPC in steady state:
(a) Battery current. (b) SC current.
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Fig. 6. Control performance of AC-MAMPC and C-MPC in steady state.
(a) PWM signals and situation of active model mismatch. (b) Optimal solution
ASZ 6 and the current tracing error e;p,.

regulation, hence, the simulation and hardware experiment in
this article are all completed in low power level.

A. Case 1: The Comparison Between AC-MAMPC and
C-MPC

Figs. 5 and 6 show the performance under the control of AC-
MAMPC and C-MPC in steady state. The C-MPC is described in
detail in Section II [25], [26]. In this case, 7} is around 5.5 A and
15 1S0A. At2s, C-MPC isreplaced by AC-MAMPC. Comparing
with C-MPC, the current ripple of battery and SC is reduced by
34.5% and 48.5%, respectively.

It can be seen in Fig. 6(a), within 10 switching period, the
control actions changes 5 times and 7 times under the control
of C-MPC and AC-MAMPC. Because of the active model-
mismatch for dc—dc inductance, the optimization delay can be
compensated. Fig. 6(b) shows the comparison of optimal solu-
tion AS Z 5 and the current tracing error e;;,. Under the control
of AC-MAMPC, the online optimization process can response
to the tracing error fast and frequently. Hence, the current ripple
can be reduced significantly.

Fig. 7 shows the dynamic performance of AC-MAMPC, at
5 s, the power requirement of load is changed form 46 to 154 W.
According to Fig. 7(a), the voltage ripple of AC-MAMPC is
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Fig. 7. Control performance of AC-MAMPC and C-MPC in dynamic re-
sponse. (a) DC bus voltagev,,. (b) Dynamic error on v,. (c) Variation of PWM
and inductance of SC DC-DC converter. (d) Variation of capacitance.

reduced by 28.1% and 50.0% compared with C-MPC. Fig. 7(b)
shows the variation of dc bus voltage v, when the load demand
is changing suddenly, the dynamic error of AC-MAMPC is
decreasing by 34.0%. From Fig. 7(c) and (d), to achieve the fast
dynamic response, the capacitance of dc—dc converter connected
with SC and the capacitance are decreasing actively, and the
constraint of duty ratio back to [0, 1] again.

B. Case 2: The Performance of Adaptive Constraints
Mechanism

To demonstrate that the proposed method can deal with
the plants mismatch problem, MPC method with active model
mismatch mechanism (MAMPC) is used to make comparison
with the proposed AC-MAMPC in this case study. pjoss 1S set
as 0, so the power loss of energy conversion can be seen as
the disturbance in power control loop. Under the condition of
lower HESS current level, the effect of model mismatch is more
obvious, so P,y and Py,q are set as 48 W and 46 W in this case
study, and the charging current of HESS is near to 0. Fig. 8(a)—(c)
shows the track error of dc bus voltage and HESS current.
In power control loop, MAMPC has 0.2 V steady-state error
because of power loss. In current control loop, MAMPC has
0.15 A and —0.1 A steady-state error in %5 and ¢s.. The proposed
method can against these disturbances by constraints adaption.
The constraints adaption can be seen in Fig. 8(d)—(f).

C. Case 3: The Performance of AC-MAMPC Under Constant
Power Load (CPL) Application

In this case, the proposed AC-MAMPC is tested under CPL
conditions. Since the proposed method does not include an
estimator for the negative resistance characteristic of CPL, the
CPL issue can be treated as a type of model mismatch problem.

Fig. 9 illustrates the dynamic and steady-state performance of
AC-MAMPC and C-MPC.
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Fig. 9. Control performance under CPL. (a) DC bus voltage v,. (b) Dynamic
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Fig. 9(a) and (b) depicts the variation of v, when the Pyaq
switches from 80 to 160 W. Without the consideration of CPL,
there are large current ripple, dynamic error, and settling time
under the control of C-MPC. Comparing with C-MPC, the volt-
age ripple of AC-MAMPC is reduced by 50% and 40% during
steady-state operation, respectively. When a sudden change oc-
curs in the Fo,q, the dynamic error of the AC-MAMPC method
decreases by 35.7%. Fig. 9(c) and (d) compares the current
ripples of ¢; and i under the two methods. Before and after the
CPL transitions, the AC-MAMPC method achieves reductions
in current ripple of 4; and i, by 30.7%, 48.3%, and 61.7%,
59.1%, respectively.

D. Case 4: The Performance Comparison of AC-MAMPC and
ESO-MPC Under CPL

Fig. 10 compares the control performance in the CPL sce-
nario of AC-MAMPC and ESO-MPC reported in [28] and [29].
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Fig. 12.  Control performance of AC-MAMPC and C-MPC in steady state.

Fig. 10(a) and (b) describes the variation in v, and 7y, as the Flo,q
varies from 80 to 160 W. Compared to ESO-MPC, the battery
current ripple is reduced by 50% and 48.5% under the control
of AC-MAMPC. Fig. 10(c) demonstrates the control actions of
AC-MAMPC changes more frequently than that of ESO-MPC,
which means the optimization delay is eliminated. Fig. 10(d)
and (e) shows the control performance under model mismatch
conditions and CPL. By altering the capacitance and battery
inductance in the system model, it is observed that the ESO-MPC
has a good performance on output voltage, but the battery current
ripple of AC-MAMPC remains less, thus verifying that the
adaptive constraint mechanism can effectively handle model
mismatch issues. Fig. 10(f) illustrates that ESO-MPC still has
optimization delay problem.
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VI. HARDWARE EXPERIMENTAL RESULTS

In this section, the proposed algorithm is validated using a
hardware experimental platform, as shown in Fig. 11. RTU-
BOX206 is used as the microcontroller, and the system sampling
frequency fs is 5 kHz. For HESS system, two sets of six
series-connected SCs (Maxwell, 2.7 V, 350 Farads each) are

i

(b) ©

(a) Control performance of C-MPC in dynamic response. (b) Control performance of AC-MAMPC in dynamic response. (c) Constraint variation about

connected in parallel, and two 12 V 1.8 Ah lithium batteries
are connected in series. Subsequently, dc—dc converters are
constructed using silicon carbide (SiC).

A. Case 1: The Performance Comparison of C-MPC and
AC-MAMPC

Fig. 12 illustrates the steady-state control performance of C-
MPC and AC-MAMPC on the hardware experimental platform.
In this scenario, the HESS operates in a discharging state, with
the 7, maintained at approximately 1.45 A and the i, at 0 A.
At 1 s, the control strategy transitions from C-MPC to AC-
MAMPC. Compared to C-MPC, the current ripple of the battery
and SC decreases by 16.7% and 18%, respectively. Fig. 13(a)
and (b), respectively, presents the dynamic control performance
of C-MPC and AC-MAMPC under a load disturbance scenario.
At 1 s, the power load demand transitions from 25 to 50 W. It can
be observed that the voltage ripple of AC-MAMPC is reduced
by 42.8% and 25.0% compared with C-MPC. To verify the
effectiveness of the adaptive constraint mechanism, Fig. 13(c)
demonstrates the dynamic variation of the power loop constraint
during the control process to compensate the model-mismatch
problem. Fig. 14 shows the dynamic response during a sudden
load change, where AC-MAMPC achieves a 62.5% reduction in
dynamic error compared to C-MPC.

B. Case 2: The Performance Comparison of C-MPC and
AC-MAMPC Under Model Mismatch

Figs. 15 and 16 show the control performance of C-MPC
and AC-MAMPC under model mismatch conditions. In the left
half of Fig. 15, the P,q abruptly changes from 25 to 50 W
without any model mismatch. In the right half of Fig. 15, the Fo,q
decreases from 50 to 25 W, while the C' and L;, parameters in the
system model experience a mismatch. A comparison reveals that
C-MPC results in significant changes in battery current ripple
under model mismatch. Fig. 16 demonstrates that AC-MAMPC
maintains a stable and well-controlled battery current ripple even
under load fluctuations and model mismatch.

C. Case 3: The Performance Comparison of C-MPC,
AC-MAMPC, and ESO-MPC

Fig. 17(a)—(c) compares the battery current ripple and v,
of C-MPC, AC-MAMPC, and ESO-MPC under the same load
fluctuation. The comparison shows that AC-MAMPC exhibits
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the best performance in terms of battery current ripple and
dynamic error of v,.

VII. DISCUSSION

The proposed AC-MAMPC method reduces current ripple
by eliminating the control delay inherent in C-MPC. In ad-
dition, the proposed adaptive constraints method addresses
model-mismatch issues, while the ESO-based approach treats all
mismatches and unmodeled dynamics as a lumped disturbance
for compensation. From a theoretical perspective, these two
methods do not conflict and could be jointly employed to achieve
better control outcomes. Also, AC-MAMPC may affect dynamic
performance under certain circumstances, in the future work, it
could be integrated with event-triggered mechanisms to address
such issues.

VIII. CONCLUSION

This article presents an AC-MAMPC method to address tra-
jectory tracking errors of C-MPC method for power converters
caused by limited sampling frequency and model mismatches.
The method actively adjusts system model parameters to reduce
current ripple and introduces an adaptive constraints approach
for online optimization with simplest system model. Experimen-
tal and comparative results demonstrate the effectiveness of the
proposed control method. Comparing with C-MPC, the voltage
and current ripples are reduced by 25%-42.8% and 16.7%—-18%,
respectively, in steady state, and the dynamic error and settling
time are decreased by 62.5% and 37.5%.
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