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An Offset-free Composite Model Predictive Control
Strategy for DC/DC Buck Converter Feeding

Constant Power Loads
Qianwen Xu, Member, IEEE, Yunda Yan, Member, IEEE, Chuanlin Zhang, Senior Member, IEEE,

Tomislav Dragicevic, Senior Member, IEEE, and Frede Blaabjerg, Fellow, IEEE

Abstract—The high penetration of power electronic converters
into DC microgrids may cause the constant power load stability
issues, which could lead to large voltage oscillations or even
system collapse. On the other hand, dynamic performance should
be satisfied in the control of power electronic converter systems
with small overshoot, less oscillations and smooth transient
performance. This paper proposes an offset-free model predictive
controller for a DC/DC buck converter feeding constant power
loads with guaranteed dynamic performance and stability. First, a
receding horizon optimization problem is formulated for optimal
voltage tracking. To deal with the unknown load variation
and system uncertainties, a higher-order sliding mode observer
(HOSMO) is designed and integrated into the optimization prob-
lem. Then an explicit closed-loop solution is obtained by solving
the receding horizon optimization problem offline. A rigorous
stability analysis is performed to ensure the system large signal
stability. The proposed controller achieves optimized transient
dynamics and accurate tracking with simple implementation. The
effectiveness of the proposed controller is validated by simulation
and experimental results.

Index Terms—constant power load, large signal stability, offset-
free tracking, model predictive control, nonlinear disturbance
observer

I. INTRODUCTION

Microgrids are building blocks for the future smart grids,
which provide efficient integration of distributed sources [1].
Extensive research works have been conducted for AC mi-
crogrids due to their compatibility with conventional power
systems. However, as most of the distributed sources are DC
by nature (e.g. PV, fuel cell, energy storage systems, etc) and
there are growing penetration of DC loads into the microgrids,
DC microgrids provide increased efficiency and reliability with
the reduction of power conversion stages [2], [3]. Moreover,
DC microgrids are relatively simple to control compared to
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their AC counterparts, which have issues like synchronization,
reactive power flow and phase unbalance, etc. Therefore, DC
microgrids have gained tremendous attention in recent years
[4].

In DC microgrids, a great number of power electronic
converters are installed as the interfaces for distributed sources
and loads. They allow the controllability of sources and loads,
and enable high conversion efficiency. However, the power
electronic converters also bring the constant power load issue:
the power electronic converter loads, when tightly controlled,
behave as constant power loads (CPLs) with negative incre-
mental impedance characteristics [5], [6]. The interaction of
the CPLs with their respective source converters will decrease
system damping and even cause instability issues [7], [8].

Many works have been conducted for stabilization of
DC/DC converter systems with CPLs. Passive damping ap-
proaches can increase the system damping by adding necessary
capacitors/resistors or designing proper LC filters [7], [9].
However, these methods are limited by physical constraints
due to the increased weight/cost and power loss. Active
damping methods are proposed to stabilize the system by
modifying control loops to reshape load/source impedances
[10]–[12]. However, these approaches utilize linearized small
signal models and they can only ensure system stability around
the operating points. When large signal disturbances happen,
the system may be unstable.

Considering the nonlinearity of power electronic converters
and the constant power loads, several nonlinear approaches
have been proposed to stabilize CPLs in a large signal sense. A
boundary controller is proposed for stabilizing buck converter
to overcome the destabilizing effects introduced by CPLs
even with the presence of unknown parameters [13]. But the
controller is designed on a hysteresis band, which results
in variable switching frequency and degraded ripple effect.
Ref. [14] proposes a sliding mode duty ratio controller for
a buck converter at a fixed switching frequency and it can
stabilize the CPLs over a wide operating range. However, it
requires the measurement of DC capacitor current, leading to
a high equivalent series resistance and degraded ripple filtering
effect. In [15], a composite nonlinear controller is proposed
for stabilizing DC/DC boost converter, where a nonlinear
disturbance observer is designed for accurate tracking and a
backstepping controller is designed for large signal stabiliza-
tion. An adaptive backstepping controller is proposed in [16]
for stabilizing boost converter feeding CPLs with a 3rd degree
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cubature Kalman filter (CKF) for uncertainty estimation. An
estimation based robust feedback controller with 3rd degree
CKF estimator is proposed for stabilizing CPLs in [17].
In [18], an adaptive passivity based controller for DC/DC
buck converter feeding CPLs, where a nonlinear disturbance
observer is designed to improve the control robustness and
the passivity based control guarantees large signal stability.
However, for all these nonlinear control methods, the optimal
performance with smooth transients (e.g., small overshoot, less
oscillations and small settling time) cannot easily be achieved.

As a powerful technique for optimized performance track-
ing, model predictive control (MPC) has attracted great atten-
tion in power converters and electrical drives [19]–[22]. MPC
obtains control signal by solving an optimization problem
with future behavior over a time horizon with the system
nonlinearties taken into consideration. However, in these MPC
works [19]–[21], accurate system model is required to achieve
high-precision tracking performance, which is always hin-
dered by system uncertainties and external disturbances in
real situations. Combining MPC with disturbance observa-
tion/compensation process is a possible solution. A contin-
uous MPC controller integrating with a nonlinear disturbance
observer is proposed for a buck converter aiming to realize
accurate voltage tracking [22]. However, it only considers
resistive load and the CPL is not included, which brings the
nonlinearity and negative impedance instability issue.

In this paper, a novel offset-free composite model predictive
controller is proposed for stabilizing DC/DC buck converter
feeding CPLs. First, a receding horizon optimization problem
is formulated for optimal voltage tracking and the future
tracking error is predicted by Taylor series expansion. To deal
with unknown external and model uncertainties, a higher-order
sliding mode observer (HOSMO) is designed to estimate the
future tracking error. The HOSMO technique is selected as it
enables a finite-time convergence rate of disturbance identifica-
tion processes [23], [24]. Combined with the HOSMO, an ex-
plicit closed-loop solution is obtained by solving the estimated
receding-horizon optimization problem. A rigorous stability
analysis is conducted to ensure stability of the closed-loop
system under the proposed controller. Compared with existing
related works, main contributions of this paper include:

1) Offset-free voltage tracking: With the integrated HOSMO
in the MPC optimization problem, the proposed controller
achieves offset-free tracking with robustness against the un-
known external and model uncertainties.

2) Large signal stability: With a rigorous stability analysis
of the closed-loop system under the proposed offset-free MPC
controller, system large signal stability is assured.

3) Optimal design with simple implementation: The optimal
design parameters are directly obtained from the explicit MPC
solution, which could guarantee optimized system transient
performance (e.g., small overshoot, smooth transition and less
oscillations).

The rest of this paper is organized as follows: Section II
presents the system under study and the problem formula-
tion. The proposed offset-free MPC controller is illustrated
in Section III. Section IV and Section V demonstrate the
simulation and experimental verification studies, respectively.

Fig. 1. A general structure of a DC microgrid with power electronics based
generators and loads.

Fig. 2. A buck converter feeding constant power loads.

The conclusions are drawn in Section VI.

II. SYSTEM MODELING AND PROBLEM DESCRIPTION

Fig. 1 shows a general structure of a DC microgrid [18].
The source bus is supplied by the renewable resources, energy
storage systems and the main AC grid (if it is grid connected).
The DC/DC buck converter is used to step down the bus
voltage for load voltage levels. This type of architecture can be
found in numerously types of systems, including data center
and telecom power supply systems, electrical vehicles, ships
and electric aircrafts. The loads include DC/DC converter load,
DC/AC inverter load, DC/AC inverter fed motor drive load
and resistive load. The first three loads are tightly regulated
converter loads, known as CPLs. They can all be lumped and
modeled as

iCPL =
PCPL
vC

(1)

The system in Fig. 1 can be simplified as a buck converter
feeding a CPL with the power of PCPL and a resistive load
with the resistor of R, as is depicted in Fig. 2. Its dynamic
model is represented by{

C dvC
dt = iL − vC

R −
PCPL

vC

LdiLdt = Eu− vC
(2)

where iL and vC are the instantaneous inductor current and
capacitor voltage of buck converter; E is the voltage of the
source bus; L and C are the inductance and capacitance values;
u is the duty ratio of the switch, which is the control signal to
be designed. As can be observed in eq. (2), there is a nonlinear
term PCPL

vC
.
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Considering the model uncertainties and load variations, the
dynamic model in (2) is further expressed as{

C0
dvC
dt = iL + d1

L0
diL
dt = E0u− vC + d2

(3)

where L0, C0 and E0 are the nominal values of inductance,
capacitance and source bus voltage; d1 and d2 are lumped
uncertainties, denoted by

d1 = −vC
R
− PCPL

vC
−∆C

dvC
dt

(4)

d2 = ∆Eu−∆L
diL
dt

(5)

where ∆L, ∆C and ∆E are the uncertain variations of
inductance, capacitance and source voltage to their respective
nominal values.

The objective of the buck converter system is to track
its bus voltage reference accurately with optimal transient
performance even under large load variations and system
uncertainties.

III. THE PROPOSED CONTROLLER

This section presents the design procedure of the proposed
offset-free MPC controller. The objective of the proposed
controller is to solve the optimal tracking problem of the buck
converter system so that the output voltage tracks its reference
value with the guaranteed dynamic performance, robustness
and stability.

To make the derivations more readable, the functions of
some symbols are declared here first: the r-th order derivatives
of variables are denoted by (•)(r), the estimates of the vari-
ables are denoted by the hatted symbol (•̂), and the predictions
of the variables within a receding horizon time interval are
denoted by the barred symbol (•̄).

A. Model prediction
According to the nominal model predictive control theory,

the cost function for the buck converter can be defined as

J(t)
∆
= 1

2

∫ T
0
Q(Vref (t+ τ)− vC(t+ τ))

2

+R(ur(t+ τ)− u(t+ τ))
2
dτ

(6)

where the first term describes the voltage tracking error, which
is to make the output voltage vC accurately track its reference
voltage Vref ; the second term describes the control input
deviation error, which provides additional freedom to penalize
the control energy and admits the integral control optimization.
ur(t) is the desired steady-state, which will be estimated by
the HOSMO later. T > 0 is the predictive period; Q >0 and
R ≥0 are weighting gains on the tracking error and control
input error, respectively.

To start with, the following transformation is defined to
construct the optimal tracking problem of the system in (3)
with one order control taken into consideration:

e(t)
∆
= Vref − vC

e1(t)
∆
= ė(t) = − 1

C0
(iL + d1)

e2(t)
∆
= ė1(t) = − E0

L0C0
u+ vC

L0C0
− d2

L0C0
− d

(1)
1

C0

e3(t)
∆
= ė2(t) = − E0

L0C0
u(1) + vC

(1)

L0C0
− d2

(1)

L0C0
− d

(2)
1

C0

(7)

where u(1)(t) represents the derivative of u(t).
By defining b0 = E0

L0C0
, wn(t) = vC

L0C0
, w(t) = − d2

L0C0
−

d
(1)
1

C0
in (7), the tracking dynamics of e2(t) and e3(t) can be

further expressed as{
e2(t) = −b0u+ wn(t) + w(t)

e3(t) = −b0u(1) + w
(1)
n (t) + w(1)(t)

(8)

where uncertainties are included in functions w(t) and w(1)(t)
contain uncertainties.

Using Taylor series expansion, the future tracking error
within the predictive period is expressed as

e(t+ τ) = e(t) + τe1(t) +
τ2

2
e2(t) +

τ3

6
e3(t) (9)

The values can be estimated by observers, which will be
discussed in the next section. With estimated values, the
predicted tracking error is presented as

ē(t+ τ) = e(t) + τ ê1(t) +
τ2

2
ê2(t) +

τ3

6
ê3(t) (10)

The predicted tracking error in (10) can be written in the
compact form as

ē(t+ τ) =
[

Γ̄(τ) Γ̃(τ)
] [ ε̄(t)

ε̃(t)

]
(11)

where Γ̄(τ)
∆
=
[

1 τ
]
, Γ̃(τ)

∆
=
[

τ2

2
τ3

6

]
, ε̄(t) ∆

=[
e(t) ê1(t)

]>
, ε̃(t) ∆

=
[
ê2(t) ê3(t)

]>
= −b0U(t) +

Wn(t) + W (t), U(t)
∆
=

[
u(t) u(1)(t)

]>
, Wn(t)

∆
=[

wn(t) w
(1)
n (t)

]>
and W (t)

∆
=
[
w(t) w(1)(t)

]>
.

The future control input and desired future control signal
are obtained as

ū(t+ τ) = Γ̄(τ)U(t) (12)

ūr(t+ τ) =
1

b0
Γ̄(τ) [Wn(t) +W (t)] (13)

B. Design of observer

In order to obtain the estimation values ê1 and ŵ in eqs.
(10) and (13), the high-order sliding mode ovserver (HOSMO)
technique is applied, which presents higher precision than
other observation techniques [24]. The design of HOSMO is
briefly introduced in Appendix A.

According to (4), (5), (7) and (8), e1(t) and w(t) are
bounded due to their relationship with physical electrical
variables. Then the prerequisite of designing a HOSMO for
estimating e1(t) and w(t) is satisfied. By following [25] and
Appendix A, a HOSMO is designed as

˙̂e(t) = ê1(t) + v0(t)
˙̂e1(t) = −b0u∗(t) + wn(t) + ŵ(t) + v1(t)
˙̂w(t) = v2(t)

v0(t) = −λ0L
1
3

d |ê(t)− e(t)|
2
3 sign(ê(t)− e(t))

v1(t) = λ1L
1
2

d |v0(t)|
1
2 sign(v0(t))

v2(t) = λ2Ldsign(v1(t))

(14)

where Ld is a known positive constant with Ld ≥ |w(t)|;
λi > 0, i = 0, 1, 2 are tunable observer gains.
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The error dynamics of the HOSMO system in (14) can be
obtained as

σ̇0 = −λ0L
1
3

d |σ0|
2
3 sign(σ0) + σ1

σ̇1 = −λ1L
1
2

d |σ0|
1
2 sign(σ1 − σ̇0) + σ2

σ̇2 ∈ −λ2Ldsign(σ2 − σ̇1) + [−Ld, Ld]
(15)

where σi
∆
= êi(t)− ei(t), i = 0, 1 and σ2

∆
= ŵ(t)− w(t).

As proved in [25], the estimation error system (15) is finite-
time stable, i.e., there exists a finite time constant 0 < tf <∞
such that σi(i = 0, 1, 2) are bounded if 0 ≤ t < tf , and σi ≡ 0
if t ≥ tf . Then the finite-time convergences of the estimated
values ê1 and ŵ in HOSMO (14) to their respective real values
e1(t) and w(t) are achieved.

C. Design of optimal control law

By substituting (11)-(13) into (6), the performance index in
(6) is estimated as

J̄(t)
∆
= 1

2

∫ T
0
Qē(t+ τ)

>
ē(t+ τ) +R(ū(t+ τ)

−ūr(t+ τ))>(ū(t+ τ)− ūr(t+ τ))dτ

= 1
2Qε̄

>Γ1ε̄− b0Qε̄>Γ2

(
U(t)− Wn(t)+W (t)

b0

)
+ 1

2

(
U(t)− Wn(t)+W (t)

b0

)>
(b20QΓ3 +RΓ4)

×
(
U(t)− Wn(t)+W (t)

b0

)
(16)

where Γ1, Γ2 and Γ3 are defined and calculated as

Γ1
∆
=

∫ T

0

Γ̄>Γ̄dτ =

[
T T 2

2
T 2

2
T 3

3

]

Γ2
∆
=

∫ T

0

Γ̄>Γ̃dτ =

[
T 3

6
T 4

24
T 4

8
T 5

30

]

Γ3
∆
=

∫ T

0

Γ̃>Γ̃dτ =

[
T 5

20
T 5

72
T 6

72
T 6

252

]
To get the optimal control law of u(t), the partial derivative

of J̄ with respective to U(t) is taken as

∂J̄

∂u
= −b0Qε̄>Γ2+(b20QΓ3+RΓ1)

(
U(t)− Wn(t) +W (t)

b0

)
(17)

Letting ∂J̄
∂U = 0 and ∂2J̄

∂U2 > 0, the optimal control law is
obtained as

U∗(t) =
1

b0

((
Γ3 +

1

b20

R

Q
Γ1

)−1

Γ>2 ε̄+Wn(t) +W (t)

)
(18)

Recalling that ε̃(t) =
[
e(t) ê1(t)

]>
, U(t) =[

u(t) u(1)(t)
]>

, Wn(t) =
[
wn(t) w

(1)
n (t)

]>
and

W (t) =
[
w(t) w(1)(t)

]>
, and solving eq. (18), the op-

timal control law u(t) can be derived as

u∗(t) =
1

b0
(k0e+ k1ê1 + wn + ŵ) (19)

where
[
k0 k1

]
are designed as the first row values of(

Γ3 + 1
b20

R
QΓ1

)−1

Γ>2 , expressed as

Fig. 3. The control diagram of the proposed offset-free MPC controller.

{
k0 = (15T 6 + 6300T 2h)/(T 8 + 1224T 4h+ 15120h2)
k1 = (6T 7 + 4536T 3h)/(T 8 + 1224T 4h+ 15120h2)

(20)
where h ∆

= 1
b20

R
Q .

Therefore, the proposed MPC controller is designed by
combining (7), (14), (19) and (20). The control diagram of
the proposed approach is presented in Fig. 3.

D. Stability analysis

To show the large signal stability of the proposed approach,
a rigorous stability analysis is presented here.

Theorem: The closed-loop system (3), (7), (14) and (19) is
asymptotically stable.

Proof. Designed from (20), it is obvious that k0 and k1 are
positive values. If there is no disturbance, p(s) = s2+k1s+k0

is Hurwitz and thus the system (3), (7) and (19) is asymptot-
ically stable.

With the presence of disturbances, the closed-loop system
(3), (7), (14) and (19) can be written as

e2(t) + k1e1(t) + k0e(t) + g(t) = 0 (21)

where g(t)
∆
= k1σ1 + σ2 according to the error dynamics of

HOSMO in (15); |g(t)| ≤ γ (γ ≥ 0) for 0 ≤ t < tf , and
g(t) ≡ 0 for t ≥ tf .

Rewrite the system in (21) in the following compact form:

ε̇(t) = Aε(t) +Bg(t) (22)

where ε(t)
∆
=
[
e(t) e1(t)

]>
, A ∆

=

[
0 1
−k0 −k1

]
and

B
∆
=
[

0 −1
]>

.
Based on linear control theory [26], the solution of (22) can

be expressed as

ε(t) = exp(At)ε(0) +

∫ t

0

exp(A(t− τ))Bg(τ)dτ (23)

The following inequality relationship holds for (23):

‖ε(t)‖ ≤ ‖exp(At)‖·‖ε(0)‖+γ
∫ t

0

‖exp(A(t− τ))‖dτ (24)
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Fig. 4. System dynamic response with different values of predictive period
T .

Based on Lemma 1 in Appendix, (24) can be further
developed as

‖ε(t)‖ ≤ δt2 exp(α (A) t) ‖ε(0)‖+ δγ
α(A)3

((α(A)
2
t2

−2α (A) t+ 2) exp(α (A) t)− 2)
(25)

where δ ∆
=
∑1
k=0 ‖N‖

2
/k! ≥ 0 and N is the Schur decom-

position matrix of A.
As can be observed from (25), within any finite time (0 ≤

t < tf ) , ε(t) is bounded. When t ≥ tf , the system is reduced
to ε̇(t) = Aε(t) with the characteristics equation p(s) = s2 +
k1s + k0. Therefore, the parameters designed from (20) can
ensure the asymptotic stability of system.

IV. SIMULATION RESULTS

The system model in Fig. 2 with the proposed controller in
Fig. 3 is tested in Matlab/Simulink to verify its effectiveness
in terms of large signal stability, optimized dynamics and
accurate tracking against uncertainties. System parameters are
listed in Table I.

A. Parameter selection

According to (19), the design of the proposed MPC con-
troller requires the selection of the predictive period T and
the ratio of weighting gains R/Q. For simplicity, weighting
gain Q is set at 1 and R is to be selected.

Fig. 4 shows system dynamic response with different values
of predictive period T (T = 0.001, 0.002, 0.005 and 0.01).
The weighting gain R is to mitigate the control variation,

TABLE I
SYSTEM PARAMETERS AND CONTROL PARAMETERS

Variables Description Value
Vref Load bus voltage reference 100V
fs Switching frequency 20kHz
Q Weighting gain of tracking error 1
E0 Nominal converter input voltage 200V
L0 Nominal inductance 2mH
C0 Nominal capacitance 1mF
Ld HOSMO constant 1015

λ0, λ1, λ2 HOSMO gains 4,3,2

Fig. 5. System dynamic response with different values of control input signal
weighting gain R.

thus its impact is smaller and it can be set at zero first for
selecting T . The CPL steps up from 500W to 2kW at 0.04s
and steps back to 500W at 0.07s. It can be observed that,
with the load variation, bus voltage can track the reference
value accurately with smooth transients and the settling time
is around the predictive period T . Therefore, by choosing T
as the required settling time, offset-free tracking with optimal
transient can be obtained.

Fig. 5 shows system dynamic response with different values
of weighting gain R (R=10, 100, 1000 and 10000). The
predictive period T is fixed at 0.002. It reveals that a larger R
will cause a slower response and may cause small deviations.
But there is a tradeoff that smaller R will lead to larger control
energy.

Therefore, given the desired dynamic performance, T and
R can be selected to achieve optimal transient performance.
Here T is selected as 0.002 and R is selected as 10 for the
later case studies.

B. Simulation verification

The simulation results of the proposed controller with the
variation of CPL and resistive load are presented in Fig. 6.
Initially, 500W CPL is connected to the bus and there is
no resistive load; then 1kW resistive load is connected at
0.03s and disconnected at 0.04s; at 0.05s, CPL increases from
500W to 1500W; at 0.06s, CPL steps back to 500W. As can
be observed, the smooth transient performance is achieved
with the settling time around 2ms and maximum transient
voltage deviation less than 1% with three times load variation;
after transients, load bus voltage is regulated accurately at the
reference value 100V. It reveals that the proposed controller
achieves smooth transients with accurate tracking for the
integration of both resistive load and CPL.

As the worst case in terms of stability is the pure CPL case,
in this regard, only CPL is connected to the load bus in the
following studies.

To show the advantage of the proposed controller compared
with a nominal MPC controller without observers, simulations
are conducted and the results are presented in Fig. 7. The
design of the nominal MPC controller is the same as the
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Fig. 6. Simulation results of the proposed controller with the variation of
CPL and resistive load.

Fig. 7. Simulation results with the variation of CPL for the proposed controller
and nominal MPC controller.

proposed controller except that the HOSMO is eliminated
and e1 is calculated based on the nominal power 500W and
nominal input voltage 200V. As can be observed in Fig. 7, with
the CPL variation from 500W to 1000W and 1000W to 500W,
output voltage cannot accurately track at the reference value
and there is a large deviation value of 4.5V from the reference
value 100V. But for the proposed controller, accurate voltage
tracking is achieved. This shows the advantage of the proposed
controller in offset-free voltage tracking.

To verify the large signal stability of the proposed controller,
a comparison is made between the proposed controller and the
conventional double-loop PI controller, as is shown in Fig. 8. It
is known that PI controllers have tradeoff in stability margin
and dynamic response speed, i.e., faster dynamics will lead
to less stability margin [27]. To have a fair comparison, the
parameters for the PI controller are well-tuned with the voltage
control bandwidth at 500Hz and current control bandwidth at
5000Hz so that the system under the PI controller can achieve
similar dynamics of that under the proposed controller. The
parameter design procedure of the double-loop PI controller
is briefly illustrated in Appendix D. Step changes of CPL
are performed for both controllers. At 0.04s, CPL increases
from 500W to 1kW. It shows that both systems are stable
with similar settling time (2ms) and the proposed controller
even has smaller voltage dip during transient compared with

Fig. 8. Simulation results with the variation of CPL for the proposed controller
and double-loop PI controller.

Fig. 9. Simulation results with the variation of CPL for the proposed controller
and adaptive backstepping (AB) controller [15].

PI controller. At 0.07s, when CPL increases from 1kW to
3kW, the system under PI controller becomes unstable while
the system under the proposed controller still maintains sta-
ble with smooth dynamics. Therefore, with similar dynamic
performance, the proposed controller can guarantee smooth
and accurate voltage tracking with stable operation under large
CPL variation, whereas the conventional PI controller fails to
do so. This verifies the advantage of the proposed controller
in terms of large signal stability.

To show the superiority of the proposed controller in achiev-
ing optimized transient performance (e.g. small deviation and
smooth transition), the proposed controller is compared with
adaptive backstepping (AB) controller in [15], as presented
in Fig. 9. The AB controller is a nonlinear controller that
can stabilize CPLs with fast dynamics and accurate tracking
[15]. At 0.04s, CPL steps up from 500W to 2kW and at 0.07s
CPL steps back to 500W. As can be observed, both controllers
can stabilize CPLs with fast dynamics and accurate tracking,
while the proposed controller achieves smaller voltage dip and
smaller current overshoot.

Fig. 10 shows the impact of the input voltage variation
under the proposed controller. The load maintains at 1kW.
The source bus voltage E varies from 200V to 400V at 0.04s
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Fig. 10. Simulation results with the variation of source side voltage.

Fig. 11. Simulation results with the uncertain inductance values.

and 400V to 200V at 0.07s. As can be observed, with the
step variations of source bus voltage, the load bus voltage is
regulated accurately at 100V in optimized dynamics within
2ms. The inductor current is negligibly affected. Thus the
system ensures stable operation under the variation of source
bus voltage.

To demonstrate the robustness of the proposed controller
against model uncertainties, simulation studies with different
uncertain inductance values and capacitance values are inves-
tigated. Fig. 11 shows the system dynamic performance with
different deviation values of inductance ∆L at -20%, 0,20%
and 40%. The real inductance value L is L0(1 + ∆L). For
all the cases, with load step variations, system bus voltage
accurately tracks the reference value at 100V within fast
transient (less than 2ms) and small transient deviation. Thus
the uncertainties in inductance value will not impact system
performance uncer the proposed controller. Similarly, Fig.

Fig. 12. Simulation results with the uncertain capacitance values.

A1 presents the system dynamics with different deviation
values of capacitance ∆C at -20%, 0, 20% and 40%. The
real capacitance value C is C0(1 + ∆C). Simulation results
illustrate that output voltage always tracks the reference value
accurately with different deviation values of capacitance to
its nominal value. Therefore, it is concluded that the proposed
controller achieves offset-free tracking with robustness against
the model uncertainties.

C. Discussions

The advantages of the proposed controller include the offset-
free voltage tracking, large signal stabilization, optimized
performance and strong robustness against uncertainties. Com-
pared with a nominal MPC controller, the integration of the
HOSMO makes the proposed controller achieve offset-free and
accurate voltage tracking, as illustrated in Fig. 7; compared
with linear PID controller, the proposed controller achieves
large signal stability under large signal disturbances, as illus-
trated in Fig. 8; compared with other nonlinear controller (e.g.,
adaptive backstepping), it provides optimized performance
with smooth transients (e.g., small overshoot, less oscillations
and small settling time), as illustrated in Fig. 9. It has strong
robustness against uncertainties, as demonstrated by Figs. 10-
12 with the variations of input voltage, inductance value and
capacitance value, respectively.

The proposed controller might have some limitations. First,
for the parameter tuning of the proposed method, it is based
on empirical experience with trial and error until we reach
the expected dynamic performance, like existing nonlinear
methods. But once the parameters T and R are settled, the
control gains k0 and k1 are optimally obtained to achieve the
optimized performance. And the procedure for tuning T and
R can follow the presentation in Section IV. A with simulation
results in Figs. 4 and 5.

In addition, because the proposed method is a totally new
method for stabilizing power electronic converter systems with
optimized performance, to the current stage, we only apply this
method in buck converter systems. For the boost converter
or buck/boost converter, because their models are bilinear,
transformations are required and there will be some differences
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Fig. 13. Experimental setup.

in designing cost functions. In our future works, we will extend
this method to other converter topologies to make it a more
general approach.

V. EXPERIMENTAL RESULTS

To further verify the effectiveness of the proposed controller,
an experimental setup of a buck converter system is built
in the laboratory, as shown in Fig. 13. It consists of a DC
power source, a DC/DC buck converter, dSPACE DS1006 and
a programmable load. The proposed control algorithm in Fig.
3 is implemented in dSPACE to generate PWM signals for the
DC/DC buck converter. System and control parameters are the
same as that listed in Table I and in simulation studies. Chroma
programmable load is configured to operate in constant power
mode to emulate the CPL.

Fig. 14 shows experimental results with the proposed con-
troller with the variation of CPL. Fig. 14a presents the dynamic
response when CPL steps up from 500W to 1500W; Fig. 14b
presents the dynamic response when CPL steps down from
1500W to 500W. It is shown that at each step variation, the
bus voltage responds immediately and tracks the reference
value accurately within a settling time less than 2ms. Stable
operation is achieved with smooth transient performance.

Experimental results of input voltage, bus voltage and induc-
tor current are presented in Fig. 15 to illustrate the proposed
controller with the input voltage variation. Fig. 15a shows
system performance when the input voltage increases from
200V to 400V; Fig. 15b shows dynamic response when input
voltage steps down from 400V to 200V. As can be observed,
with the input voltage variation, the bus voltage maintains at
100V with negligible disturbances and the impact on inductor
current is also negligible with the transient time around 2ms.

VI. CONCLUSION

This paper proposes an offset-free model predictive con-
troller for DC/DC buck converter feeding CPLs. The receding
horizon optimization problem is formulated with the external
and model uncertainties estimated by a HOSMO. Then the
optimal control law is derived by solving the integrated
optimization problem offline. The obtained composite MPC
controller is expressed as a simple linear form with optimally
designed parameters. The large signal stability of the proposed
controller is ensured by a rigorous stability analysis. The
proposed approach has the advantages of optimized dynamics,

(a)

(b)

Fig. 14. Experimental results with CPL variation.

(a)

(b)

Fig. 15. Experimental results with input voltage variation.

accurate voltage tracking with strong robustness against exter-
nal and system uncertainties. The effectiveness of the proposed
controller is verified by simulation and experimental studies.
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APPENDIX

A. Higher-order sliding mode observer
For a system

ẋ = f(x, u; t)+w(t) (A.1)

where w(t) is the disturbance.
A HOSMO can be designed as

ż0 = v0 + f(x, u, t),

v0 = −λ0L
1/(l+1)
d sigl/(l+1)(z0 − x) + z1,

ż1 = v1, v1 = −λ1L
1/l
d sig(l−1)/l(z1 − vo) + z2,

...
żl−1 = vl−1, vl−1 = −λl−1L

1/2
d sig1/2(zl−1 − vl−2) + zl,

żl = vl, vl = −λlLdsig(zl − vl−1),
x̂ = z0, ŵ = z1, ..., ŵ

(l−1) = zl
(A.2)

where λi are observer coefficients, Ld is the scaling gain,
x̂, ŵ, ..., ŵ(l−1) are estimates of z0, z1, ..., zl. Function siga(·)
is defined by siga(·)= sign(·)|·|a with sign(·) denoting the
standard signum function and a being a constant.

The error system of (A.2) can be derived as

ė0 = −λ0L
1/(l+1)
d sigl/(l+1)(e0) + e1,

ė1 = −λ1L
1/l
d sig(l−1)/l(e1 − ėo) + e2,

...
ėl−1 = −λl−1L

1/2
d sig1/2(el−1 − ėl−2) + el,

ėl ∈ −λlLdsig(el − ėl−1) + [−Ld, Ld] .

(A.3)

where the estimation errors are defined as e0 = z0 − x, e1 =
z1 − w, ..., el = zl − w(l−1).

It follows from [25] that observer error system (A.2) is
finite-time stable, that is, there exists a time constant tf > t0
such that ei(t) = 0(i = 0, 1, ..., l) (or equivalently x̂ =
z0, ŵ = z1, ..., ŵ

(l−1) = zl).

B. Tuning of the higher-order sliding mode observer
A proper Ld should be selected to ensure fast convergence

of the estimation values to real ones. At the current stage, the
design of nonlinear control parameters is normally based on
trial and error manner [24]. Therefore, we tune Ld through
trial and error based on the experience from existing works
[25], [28].

Fig. A1 shows dynamic performance of system with differ-
ent values of Ld (Ld =1012, 1013, 1014 and 1015). The CPL
increases from 500W to 1kW at 0.04s. As can be observed,
a larger Ld causes shorter transient period. But a common
problem of existing high gain control methods is that a larger
gain will cause deterioration of system robustness against the
measurement noise. Therefore, we should select a proper value
based on the required system dynamics. In this case, Ld is
selected at 1014 to have dynamics of 2ms.

C. Lemma 1
Lemma 1 (Schur Decomposition Bound) [29]: The in-

equality exp(At) ≤ exp(α (A) t)
∑n−1
k=0 ‖N‖

2
/k! holds for all

A ∈ Rn×n, where α (A) ∈ R is the maximum real part of
eigenvalues of A and N ∈ Rn×n is the Schur decomposition
matrix of A.

Fig. A1. System dynamic response with different values of Ld in HOSMO.

Fig. A2. Control diagram of the double-loop PI controller for the buck
converter system.

D. Parameter design of double-loop PI control

The double-loop PI controller utilized in Fig. 8 is designed
by following a standard design guideline recommended by
[27], [30]. It is based on the linearized model in frequency
domain. By following this guideline, it has an advantage
that the parameters are designed given the expected dynamic
performance with enough stability margin. Using this method,
the load current is treated as a disturbance and we do not need
to consider a specific operating power during the design of the
PI parameters.

Fig. A2 shows the control diagram for a buck converter with
double loop PI controller. Gv and Gi are the PI loops for volt-
age and current regulation, respectively. Then in accordance
with [30], two main considerations for the compensator design
have to be made: 1) The dynamic response of current loop
should be much slower than the PWM modulator and much
faster than that of voltage loop; 2) The stability margin of both
current and voltage loops should be regulated sufficiently large
to guarantee the overall stable operations.

First, the voltage loop is designed. As the current loop is
designed fast enough than voltage loop, the open loop transfer
function of current control, which is shown in the dashed box,
can be seen as a gain of 1. Then the voltage control loop is
simplified as

[(Vref − VC)Gv(s)− Io]
1

Cs
= VC (A.4)

The open loop transfer Tvo for voltage control can be
expressed

Tvo(s) = Gv(s)
1

Cs
(A.5)

where the voltage loop PI controller is expressed as

Gv(s) = kvp +
kvi
s

(A.6)
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Define ωv as the control bandwidth of voltage control loop.
To ensure enough phase margin, corner frequency of the
PI compensator kvp

kvi
should be less than ωv , which can be

expressed as
kvp
kvi

= ηωv (A.7)

where is η a small value between 1/10-1/5 and a smaller η
gives a larger phase margin.

To design the voltage controller, the gain of the open-loop
voltage transfer function Tvo at ωv should be 1, which results
in

Tvo(jωv) =

∣∣∣∣kvp(jωv + ηωv)

jωv

1

Cjωv

∣∣∣∣ (A.8)

As η is much less than 1, it can be neglected in (A.8) and
the voltage controller parameters can be calculated as{

kvp = ωvC
kvi = ηω2

vC
(A.9)

Inner current loop can be designed following the procedure
similar to (A.4)-(A.9). The current PI controller parameters
are calculated as {

kip = ωiL
E

kii =
ηω2

iL
E

(A.10)

where ωi is the control bandwidth of current control loop.
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