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An Offset-Free Composite Model Predictive Control
Strategy for DC/DC Buck Converter Feeding
Constant Power Loads
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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 satis-
fied in the control of power electronic converter systems with small
overshoot, less oscillations, and smooth transient performance.
This article proposes an offset-free model predictive controller for
a dc/dc buck converter feeding constant power loads with guaran-
teed 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 is designed and integrated
into the optimization problem. 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 (CPL), large signal stability,
model predictive control (MPC), nonlinear disturbance observer,
offset-free tracking.

1. INTRODUCTION

ICROGRIDS are building blocks for the future smart
grids, which provide efficient integration of distributed
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sources [1]. Extensive research works have been conducted for
ac microgrids 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 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 con-
verters 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 (CPL)
issue: The power electronic converter loads, when tightly con-
trolled, behave as CPLs with negative incremental 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 approaches
can increase the system damping by adding necessary capac-
itors/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 CPLs, 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 in 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. In [14], a sliding mode duty ratio
controller for a buck converter at a fixed switching frequency
is proposed and it can stabilize the CPLs over a wide operating
range. However, it requires the measurement of dc capacitor
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current, leading to a high equivalent series resistance and de-
graded 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 stabilization. An adaptive backstepping (AB) controller
is proposed in [16] for stabilizing boost converter feeding CPLs
with a third degree cubature Kalman filter (CKF) for uncertainty
estimation. An estimation-based robust feedback controller with
third 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 tracking,
model predictive control (MPC) has attracted great attention 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 hindered by system un-
certainties and external disturbances in real situations. Combin-
ing MPC with disturbance observation/compensation process is
a possible solution. A continuous MPC controller integrating
with a nonlinear disturbance observer is proposed for a buck
converter aiming to realize accurate voltage tracking [22]. How-
ever, it only considers resistive load and the CPL is not included,
which brings the nonlinearity and negative impedance instability
issue.

In this article, a novel offset-free composite MPC is proposed
for stabilizing dc/dc buck converter feeding CPLs. First, a re-
ceding horizon optimization problem is formulated for optimal
voltage tracking and the future tracking error is predicted by Tay-
lor 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 identification processes [23], [24]. Combined
with the HOSMO, an explicit 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, the main contributions of this article
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
unknown 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
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Fig. 1. General structure of a dc microgrid with power electronics-based
generators and loads.
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Fig. 2. Buck converter feeding CPLs.

transient performance (e.g., small overshoot, smooth tran-
sition, and less oscillations).

The rest of this article 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 simu-
lation and experimental verification studies, respectively. The
conclusions are drawn in Section V1.

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

PepL

icpL = : (1)
vc

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

Cdve — ip — Yo — PcpL

dt R

i @
LW = Fu— vc
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where i;, and ve are the instantaneous inductor current and
capacitor voltage of buck converter; F 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 (2), there is a nonlinear term
PcpL

v%onsidering the model uncertainties and load variations, the
dynamic model in (2) is further expressed as

Co'if = is+ 3)
L()? = Eou — ve + da
where Lo, Cy, and Ej are the nominal values of inductance,
capacitance, and source bus voltage; d; and dy are lumped
uncertainties, denoted by

_vc _FPerr _ \ndvo

“)

= AFu — AL— &)

where AL, AC, and AFE are the uncertain variations of in-
ductance, 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. PROPOSED CONTROLLER

This section presents the design procedure of the proposed
offset-free MPC controller. The objective of the proposed con-
troller 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 (e)("), the estimates of the variables
are denoted by the hatted symbol (e), and the predictions of the
variables within a receding horizon time interval are denoted by
the barred symbol (e).

A. Model Prediction

According to the nominal MPC theory, the cost function for
the buck converter can be defined as

T
J(t) 2 %/0 Q(Viet(t +7) — v (t + 7))

+ R(uy(t +7) — u(t +7))dr (6)

where the first term describes the voltage tracking error, which is
to make the output voltage v accurately track its reference volt-
age Vir; the second term describes the control input deviation
error, which provides additional freedom to penalize the control
energy and admits the integral control optimization. w,.(¢) is the
desired steady-state, which will be estimated by the HOSMO
later. 7" > 0 is the predictive period; ¢Q > 0 and R > 0 are
weighting gains on the tracking error and control input error,
respectively.
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To start with, the following transformation is defined to con-
struct the optimal tracking problem of the system in (3) with one
order control taken into consideration:

e(t) 2 Vref —vo
ei(t) £ é(t) = —g- (ir + d)
dy iV M
62(f) é(t) = LOCO u+ LoCo T LGy Co
Aoy By (1) ve® _ d®  d?
es(t) = éa(t) = —pogoul + ¥ — P — &

where u(1) (t) represents the derivative of u(t).

(11)3y defining by = %, wn(t) = oG, w(t) = —
dcl—o in (7), the tracking dynamics of es(t) and es(t) can be
further expressed as

ea(t) = —bou + wy (t) +w(t)
es(t) = —bou® + wiM () + w D (¢)

ds
LoCo

®)

where uncertainties are included in functions w(t) and w( (¢).
Using Taylor series expansion, the future tracking error within

the predictive period is expressed as

2 3

e(t) + Te1(t) + %eg(t) +zealt). O

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

e(t+71)=

72 3
The predicted tracking error in (10) can be written in the
compact form as

eft+7)=

elt+7) = [0(r) T(r)] [E”] (an
where T(r) 2 [17], [(7) 2 [ 2 2], &(t) 2 [e(t) &1 ()]
E(t) 2 [ea(t) &s(t)]T = —boU (1) + Wa(t) + W (1), U(t)
[u(t) uD ()], Walt) 2 [wn(t) w()]" and W(h)
[w(t) wO(t)]".

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

> 1>

u(t+7)=T(n)U(t) (12)

L(7) [Wa(t) + W(t)]. (13)

U (t+7) = bi

B. Design of Observer

In order to obtain the estimation values é; and 0 in (10) and
(13), the 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 e; (¢) and
w(t) is satisfied. By following [25] and Appendix A, a HOSMO
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is designed as

(1) = &1 (t) + vo (0
é1(t) = —bou (t) + wn(t) + w(t) + v1(t)
dit) =

o(t) —AOLé e(t) — e(t)|Fsign(e(t) — e(t))

or(8) = 1 L [oo(t)] Bsign(vo(t))

va(t) = AoLgsign(vy(t))

D>

(14)

<

where Lg is a known positive constant with Lg > |w(t)]; A; >
0,7 = 0, 1, 2 are tunable observer gains.

The error dynamics of the HOSMO system in (14) can be
obtained as

1 2,
é’o = 7)\.0L3 |O'0|3SIgIl(O'0) + 01

1
o1 = —K1L3|00|%Sign(01 —é’o)—l—O’g 5)

o9 € f)\ngsign(JQ - d’l) -+ [7Ld, Ld}
where o; 2 é;(t) —ei(t),i = 0,1 and o9 £ w(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 < £y < 00
such that o;(i = 0,1,2) are bounded if 0 < ¢t < ty,and o; =0
if £ > t;. Then the finite-time convergences of the estimated
values é; and w 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

T
J(t) %/0 Qe(t+7)"elt+7)+ R(u(t +7)
— . (t+ 7)) (@t +7) = ap(t +7))d7

W (t) + W(t)>

1
= _Qe'T1E—bQe' Ty (U(t) —
2 bo

A(vo- W()ijv()

(o222

where I', I's, and I'3 are defined and calculated as

) (b3QT'3 + RIy)

(16)

T i T2

A ST T >

0 L 2 3

A [T [z 1t
I

r2:/ Mhar—| & A

0 | 8 30

N [ 5 1
S

rS:/ ifar-| B R

0 L 72 252
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Fig. 3.

To get the optimal control law of u(t), the partial derivative
of J with respective to U (t) is taken as

aJ
= —byQe'T
7 0Qe I's
W, (t) +W(t
+ (B5QT's + RT1) (U(t) - "()b()> - (7
0
Lettmg =0 and gUJZ > 0, the optimal control law is

obtained as

U0 = 5 <(r +m Srl) DJE+Wa(t) + W(t))
(18)
Recalling that £(t) = [e(t) é1(t)]T, U(t) = [u(t) uM ()],
Wo(t) = [ (t) wi (1)) and W(t) = [w(t) w(®)]", and

solving (18), the optimal control law u(t) can be derived as

1
U*(t) = bf (ko@ + klél + W, + 12;)

0

19)

where [ko k1] are designed as the first row values of
(s + %gl"l)’ll“g, expressed as

ko = (15T + 630072R) /(T® + 1224T*h + 15120h2)
ki = (6T7 + 4536T3R) /(T® + 1224T*h + 15120h2)
(20)

A
where h = %5

Therefore, "the proposed MPC controller is designed by com-
bining (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 kg and k; are
positive values. If there is no disturbance, p(s) = s + ks + ko
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is Hurwitz and thus the system (3), (7), and (19) is asymptotically
stable.

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

ea(t) + kre1(t) + koe(t) + g(t) =0 (21)

where ¢(t) 2 k101 + oo according to the error dynamics of
HOSMO in (15); [g(t)| < v (y > 0)for0 <t < ty,and g(t) =
0fort > t;.

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

£(t) = Ae(t) + By(t) (22)
where (1) = [e(t) er(t)]", A = [_(11;0 —1/<i1} and B2

[0—1]".
Based on linear control theory [26], the solution of (22) can
be expressed as

e(t) = exp(At)e(0) + /0 exp(A(t — 7))Bg(r)dr. (23)

The following inequality relationship holds for (23):

t
le@®I < llexp(AL)|[ - [le(0)]] +7/0 lexp(A(t — 7))[|dT.
(24)
Based on Lemma 1 in Appendix, (24) can be further developed
as

le@)I] < 6% exp(a(A)t) [le(0)]] + %((O&A)zt2

—2a(A)t + 2) exp(a(A)t) — 2) (25)
where § 2 S i—o IN|?/E! > 0 and N is the Schur decompo-
sition matrix of A.

As can be observed from (25), within any finite time (0 <
t < ty), e(t) is bounded. When ¢ > t;, the system is reduced
to £(t) = Ae(t) with the characteristics equation p(s) = s? +
k1s 4 ko. 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 accu-
rate tracking against uncertainties. System parameters are listed
in Table I.

A. Parameter Selection

According to (19), the design of the proposed MPC controller
requires the selection of the predictive period 7" and the ratio of
weighting gains R/Q. For simplicity, weighting gain @ is set at
I and R is to be selected.

Fig. 4 shows system dynamic response with different values
of predictive period 7" (T" = 0.001, 0.002, 0.005, and 0.01). The
weighting gain R is to mitigate the control variation, thus its
impact is smaller and it can be set at zero first for selecting 7'.
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TABLE I
SYSTEM PARAMETERS AND CONTROL PARAMETERS

Variables Description Value
Vier Load bus voltage reference 100 V
fs Switching frequency 20 kHz
Q Weighting gain of tracking error 1
Eo Nominal converter input voltage 200 V
Lo Nominal inductance 2 mH
Co Nominal capacitance 1 mF
Ly HOSMO constant 1015
A0, A1, A2 HOSMO gains 432

T
7=0.001
7=0.002

7=0.005

7=0.01

0.03 004 0.05 0.06

0
0.02 0.07 0.08 0.09 0.1

110 T T T T T T T

'&— 7=0.001
—~ — 7=0.002
>

<100

— T7=0.005
7=0.01

90 . . . . . . .
002 003 004 005 006 007 008 009 0.1
Time(s)
Fig.4. System dynamic response with different values of predictive period 7.

30 T T T T T T T
— R=10
— R=100
—— R=1000

R=10000

0.03 004 005 006 007 008 0.09 0.1

0
0.02

110 T T T T T T T

— R=10

S & — R=100
< 100
= W —— R=1000

R=10000

90
0.02

0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time(s)
Fig. 5. System dynamic response with different values of control input signal

weighting gain R.

The CPL steps up from 500 W to 2 kW at 0.04 s and steps back to
500 W at 0.07 s. 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 7T'.
Therefore, by choosing 71" as the required settling time, offset-
free tracking with optimal transient can be obtained.

Fig. 5 shows system dynamic response with different val-
ues of weighting gain R (R = 10, 100, 1000, and 10 000).
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Fig. 6. Simulation results of the proposed controller with the variation of CPL

and resistive load.

The predictive period 71" 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, 7" 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, 500 W CPL is connected to the bus and there is no
resistive load; then 1 kW resistive load is connected at 0.03 s
and disconnected at 0.04 s; at 0.05 s, CPL increases from 500 to
1500 W; at 0.06 s, CPL steps back to 500 W. As can be observed,
the smooth transient performance is achieved with the settling
time around 2 ms 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 100 V. 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 proposed
controller except that the HOSMO is eliminated and e; is
calculated based on the nominal power 500 W and nominal
input voltage 200 V. As can be observed in Fig. 7, with the
CPL variation from 500 to 1000 W and 1000 to 500 W, the
output voltage cannot accurately track at the reference value and
there is a large deviation value of 4.5 V from the reference value

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 5, MAY 2020
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Fig.7. Simulation results with the variation of CPL for the proposed controller

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

100 V. 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 500 Hz and current control bandwidth at 5000 Hz
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 0.04 s, CPL increases from 500 W to
1 kW. It shows that both systems are stable with similar settling
time (2 ms) and the proposed controller even has smaller voltage
dip during transient compared with PI controller. At 0.07 s, when
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Fig.9. Simulation results with the variation of CPL for the proposed controller
and AB controller [15].

CPL increases from 1 to 3 kW, the system under PI controller
becomes unstable while the system under the proposed con-
troller still maintains stable 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 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 0.04 s, CPL steps up from 500 W
to 2 kW and at 0.07 s CPL steps back to 500 W. 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 1 kW. The source
bus voltage E varies from 200 to 400 V at 0.04 s and 400 to
200 V at 0.07 s. As can be observed, with the step variations of
source bus voltage, the load bus voltage is regulated accurately at
100 V in optimized dynamics within 2 ms. 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 AL at —20%, 0, 20%,
and 40%. The real inductance value Lis Lo(1 + AL). For all the
cases, with load step variations, system bus voltage accurately
tracks the reference value at 100 V within fast transient (less
than 2 ms) and small transient deviation. Thus the uncertainties
in inductance value will not impact system performance under
the proposed controller. Similarly, Fig. 12 presents the system

5337
10 T T T T T T T
< s
-
O 1 1 1 1 1 1 1
0.02 003 004 005 006 007 008 009 0.1
105 T T T T T T T
S
= 100 - v
95 . . . . . . .
0.02 003 004 005 006 007 008 009 0.1
500 T T T T T T T
400 1
>
e 300 - 1
200
100 1 1 1 1 1 1 1
0.02 003 004 005 006 007 008 009 0.1
Time(s)
Fig. 10.  Simulation results with the variation of source side voltage.
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Fig. 11.  Simulation results with the uncertain inductance values.

dynamics with different deviation values of capacitance AC
at —20%, 0, 20%, and 40%. The real capacitance value C is
Co(1+ AC). Simulation results illustrate that output voltage
always tracks the reference value accurately with different de-
viation 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, opti-
mized performance, and strong robustness against uncertainties.
Compared with a nominal MPC controller, the integration of
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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 illustrated in
Fig. 8; compared with other nonlinear controller (e.g., AB), 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 uncer-
tainties, as demonstrated by Figs. 10 and 11 with the varia-
tions 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 7" and IR are settled, the control gains
ko and k; are optimally obtained to achieve the optimized
performance. And the procedure for tuning 7" 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, trans-
formations are required and there will be some differences 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, dSSPACE 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.
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Fig. 14.  Experimental results with CPL variation.

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. 14(a) presents the dynamic
response when CPL steps up from 500 to 1500 W; Fig. 14(b)
presents the dynamic response when CPL steps down from 1500
to 500 W. 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 2 ms. Stable operation is achieved
with smooth transient performance.

Experimental results of input voltage, bus voltage, and in-
ductor current are presented in Fig. 15 to illustrate the pro-
posed controller with the input voltage variation. Fig. 15(a)
shows system performance when the input voltage increases
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from 200 to 400 V; Fig. 15(b) shows dynamic response when
input voltage steps down from 400 to 200 V. As can be ob-
served, with the input voltage variation, the bus voltage main-
tains at 100 V with negligible disturbances and the impact
on inductor current is also negligible with the transient time
around 2 ms.

VI. CONCLUSION

This article proposes an offset-free MPC 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, accurate voltage tracking with strong
robustness against external and system uncertainties. The effec-
tiveness of the proposed controller is verified by simulation and
experimental studies.

APPENDIX
A. Higher Order Sliding Mode Observer
For a system
&= f(z,u;t) +w(t) (A1)

where w(t) is the disturbance.
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A HOSMO can be designed as
ZO = Vo + f(xau7 t)7
vy = —AOL;/(ZH)Sigl/(l‘H)(zO —z)+ 2z
2 =v1,v1 = f)qLCli/lsig(l’l)/l(zl — Vo) + 22
o1 = 01,01 = —)»171L¢1/2Sig1/2(2171 —v_2) + 2
Z[ = U,V = —ledsig(zl — Ul—l)
& =zp, = 21,...,00 Y =z
(A.2)

where A; are observer coefficients, L, is the scaling gain, and
&0, ..., ") are estimates of 2, 1, . . ., 2. Function sig®(-)
is defined by sig®(-)= sign(-)| - |* with sign(-) denoting the
standard signum function and @ being a constant.

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

o = —)LoLtli/(l+1)Sigl/(l+l)(60) + e
e = —)letli/lSig(l_l)/%el — éo> + e2
(A.3)
él—l = 7)\.5_1L111/28ig1/2(61_1 — él—2) + e
¢ € —MLgsig(e; — é1-1) + [—Lg, Lq]

where the estimation errors are defined as eg = zg — x,e; =
21— W,...,e = 2] — ’w(lfl).

It follows from [25] that observer error system (A.2) is
finite-time stable, that is, there exists a time constant ¢y >
to such that e;(t) =0(i =0,1,...,1) (or equivalently & =
20,0 = 21, ..., 00D = 2.

B. Tuning of the Higher Order Sliding Mode Observer

A proper L, 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 L, through trial
and error based on the experience from existing works [25], [28].

Fig. 16 shows dynamic performance of system with different
values of Ly (Lg = 10'2, 10'3, 10" and 10'°). The CPL
increases from 500 W to 1 kW at 0.04 s. As can be observed,
a larger Ly 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, Ly is
selected at 10* to have dynamics of 2 ms.

C. Lemma 1

Lemma 1 (Schur Decomposition Bound): [29]: The inequal-
ity exp(At) < exp(a(A)t) Sp—4 |N|?/k! holds for all A €
R, xn, where a(A) € Risthe maximum real part of eigenvalues
of Aand N € R,,«,, is the Schur decomposition matrix of A.
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Fig. 17.  Control diagram of the double-loop PI controller for the buck con-
verter 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]. Itis 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. 17 shows the control diagram for a buck converter with
double loop PI controller. G, and G; are the PI loops for
voltage 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

Vi Veo)G 1, ! Ve
[( ref C) ’U(S) o] Cs = VC-

The open loop transfer 7}, for voltage control can be ex-

pressed as

(A.4)

(A.5)
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where the voltage loop PI controller is expressed as

k

Go(s) = kup + ?” (A.6)

Define w, as the control bandwidth of voltage control loop.
To ensure enough phase margin, corner frequency of the
PI compensator ]Z”P should be less than w,, which can be
expressed as "

kvp
kvi

where is 77 a small value between 1/10-1/5 and a smaller 7 gives
a larger phase margin.

To design the voltage controller, the gain of the open-loop
voltage transfer function 7T, at w,, should be 1, which results in

= 1wy (A7)

. kv (.7 Wy + 77%) 1
Too(Jwy) = | —222— - =1. A8
(Jwo) T, Cion (A.8)
As 7 is much less than 1, it can be neglected in (A.8) and the
voltage controller parameters can be calculated as

kop = woC

A9
kyi = nw2C. (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 _ WEL
b (A.10)
it — T

where w; is the control bandwidth of current control loop.
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