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Energy Storage Bidirectional DC-DC Converter Model Predictive Control
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Aiming at the voltage fluctuation of DC microgrid bus caused by the power fluctuation of distributed power
supply and switching of constant power load (CPL), this paper proposes a model predictive control (MPC)
strategy with nonlinear observer, which is applied to bidirectional DC-DC converter for energy storage. First,
a small disturbance model of the system with converter control is established, the influence of photovoltaic
unit and constant power load on the system stability is analyzed, and then the objective function is constructed
according to the bidirectional DC-DC converter, the optimization equation is established and the optimal control
rate is obtained. Second, a nonlinear state observer is established and a composite control strategy is designed
to adjust the charging and discharging process of the battery, realize the power balance between the source and
load of the DC microgrid, and ensure the stability of the DC microgrid. Finally, a simulation model is built in
Simulink and the results are analyzed, and the simulation results show that the proposed control strategy has
good dynamics and robustness compared with the traditional double-closed-loop PI control when the constant
power load is frequently switched and the photovoltaic power generation power fluctuates.
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1. Introduction

With the development of new energy, DC microgrid has
become an indispensable part of AC and DC hybrid distri-
bution network [1]. With the abundance of DC microgrid
application scenarios and the increasing number of DC
equipment at the source and load ends, the stability of its
system cannot be ignored for the safe operation of DC mi-
crogrid. Compared with AC microgrids, DC microgrids
have the following outstanding advantages: distributed
power sources and energy storage equipment are mostly
in DC form, which makes it easier to access DC microgrids
without considering the tracking of voltage and frequency;
a large number of power electronic loads are supplied with
DC power through the converter, which improves the con-
version efficiency between systems and greatly improves
reliability; the structure is simpler than the AC microgrid.
In the DC microgrid, the most intuitive indicator that can

reflect the stability of the system is the DC bus voltage, in
general, there are mainly the following three factors can
affect the DC bus voltage: That is, the distributed power
output power determined by natural conditions fluctuates,
the load fluctuation of the load side is mainly based on
constant power load, and the energy exchange between the
AC large grid and the DC microgrid in the switching and
grid-connected operation mode [2]. The protection device
in the DC microgrid will trigger the protection action at
the moment when the DC bus voltage is unstable. The DC
bus voltage fluctuation will affect the power quality, and
in severe cases, the whole power grid system will collapse.
For such voltage fluctuations, photovoltaic fluctuations
and load fluctuations are mostly smoothed out by power
electronic converter control [3].

Since many power electronic conversion units with non-
linear characteristics are included in the DC microgrid sys-
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tem, such as the closed-loop control power electronic con-
verter, it can be regarded as a constant power load (CPL)
with complex impedance characteristics, which reduces
the system damping [4, 5]. Therefore, the whole system
has strong nonlinearity and time-varying characteristics [6,
7], and the traditional linear design method is no longer
applicable. In order to solve the above problems, nonlinear
design methods are introduced in the design of power elec-
tronic converters, among which the mainstream methods
include exact feedback linearization (EFL) control, back-
stepping control, sliding mode variable structure (SMVS)
control and model predictive control (MPC). The controller
design idea in the literature [8] is based on exact feedback
linearization, which can be applied to energy storage de-
vices and has good performance, but this method is not
universal, only suitable for specific systems under specific
conditions. In the literature [9], the design method of slid-
ing mode control is used to design a sliding mode controller
applied to bidirectional energy storage converter, which
has the advantages of easy design, strong robustness, and
good adjustment of DC bus voltage. However, while main-
taining the stability of the system, there will be another big
problem, that is, the problem accompanied by jitter, which
cannot be widely promoted in actual engineering. Liter-
ature [10] designs an integral backstepping controller for
hybrid energy storage systems to ensure the power balance
between source and load under variable power generation.
However, the above design process has the problems of
cumbersome design process and difficult parameter tuning.

Aiming at the problem of maintaining the stability of
DC link voltage by energy storage bidirectional converter
with CPL, this paper proposes a model predictive control
(MPC) strategy with nonlinear state observer to switch the
charge and discharge mode of energy storage device to
solve the problem of power imbalance between source and
load of isolated island DC microgrid. The proposed control
strategy has a good control effect when the output of the
photovoltaic unit decreases, faults and constant power load
fluctuates.

2. Modeling analysis of small disturbances in the
system with converter control

The DC microgrid studied in this paper is shown in Fig. 1.
It consists of a photovoltaic power generation unit, an en-
ergy storage device and a CPL load. Among them, the
energy storage converter adopts the bidirectional Boost-
Buck topology, U, is the battery voltage, Ly, itp, irp1 are
the energy storage converter inductor, the current flow-
ing through the inductor and the converter output current,
dy is the switch S; modulation signal, S; and Spyuse com-

plementary modulation, and Uy, is the bus voltage. The
photovoltaic unit adopts the Boost topology, UL, is the pho-
tovoltaic voltage, La, ip 4, and iy ;) are the inductor, inductor
current and converter output current of the Boost converter,
respectively, and d; is the S3 modulation signal. The load
converter adopts the Buck topology, L1 and i are the Buck
converter inductor and inductor current, ds is the switch Sy
modulation signal, and i; is the input current of the Buck

converter.
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Fig. 1. DC microgrid topology

The photovoltaic converter adopts MPPT control, the
energy storage converter and the load converter are con-
trolled by constant voltage PI, and Fig. 2 is the control block
diagram of the three converters.

(©

Fig. 2. Transformer control block diagram

Among them, Gpjy1 and Gy are the transfer func-
tions of the voltage and current loop PI links of the en-
= Kpv1 + Kiv1/8,Gpiin =
Kpi1 + Kii1 /s, Kpy1 and Kjyq are the voltage loop propor-

ergy storage converter, Gpiy1

tions and integration coefficients, and K1 and Kjj; are
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the current loop proportions and integration coefficients.
Gpiv2, Gpiiz and Gpivs, Gpii have the same meanings as
above. The small disturbance model of the energy storage
system of the fixed voltage control energy storage system
can be obtained by linearizing the topology of the energy
storage converter and the operating point of the differential

equation.
dAu 1 . i
dtdc = &, (1= D) iy — IpAdy — Aigg]
c
dAi -1
dtLb = Lb [(1 — Dl) Audc — Uchdﬂ
dAif dAu
d;‘b = —Kpn1 dtdc — Kiv1Auy,
dAd dAif dAi . .
dtl — Sl < d?b a dtLb) K (A — )

(1)
The input impedance of the energy storage converter is
obtained by solving the above Lasse transform

Au B
Zgin = de — =

—Aipyy A
As = 5Cqc — Ib Gpiit Gpivi
(1 —-Di+ ILpril) <D1 -1- uchpiileiV1> @)
<5Lb + Uchpiil)

Bs=1

The same applies to the input impedance of the photo-
voltaic converter

Audc - 1

Zooin = -
pvin —AiLal Apv (3)
(1 = Dz + ILaGpii2) (1 — D2)
Apv =5Cy. +
(sLa — Ua/ Ia + UgeGpii2)
Load converter input impedance
T — Auge _ Bri
Llin Ail AL
(1 + Uy GpiS GinS)
Br1 = sLy + UG
L1 = sLy + UgcGpiiz + sC1 + Giy )

Goiv3
Arq = D3 — GpiisDsl14 <ﬁ 1)

GL1 =1/Rp

Among them, D1, D, and Dj3 are the steady-state compo-
nents of the duty cycle of the energy storage, photovoltaics
and load converters, respectively.

If the equivalent output impedance at the source side is
Zseq and the equivalent input impedance at the load side
is Zleq , the loop gain Ty, is:

T, = Zsinzpvin ()
ZLin <Zsin + vain)

Among them, Zgin, Zpvin, and Zpj, have small distur-

bance input impedances for energy storage, photovoltaics,
and load converters, respectively.

According to the dominant pole change trajectory of
the port closed-loop transfer function (1 + Tm)fl, the in-
fluence of photovoltaic power supply and constant power
load change on the system stability is analyzed:

Fig. 3 shows the trajectory diagram of the dominant
pole with CPL when there is photovoltaic input, so that the
power of CPL accumulates from 500 W, and with the grad-
ual increase of P, a pair of conjugated dominant poles
of its closed-loop transfer function moves to the right and
crosses the virtual axis around 3000 W in Py, and the sys-
tem is unstable. Fig. 4 is the trajectory of the dominant pole
with CPL when there is no photovoltaic input, compared
with Fig. 3, with the increase of Pcpl, the dominant pole
moves to the right but does not cross the imaginary axis,
and the system remains stable, which proves that the pho-
tovoltaic input reduces the system stability. Fig. 5 shows
the change trajectory of the dominant pole with the pho-
tovoltaic power Ppy when there is photovoltaic input, and
compared with Fig. 3, it can be obtained that the change of
photovoltaic power has little impact on the system stability.
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Fig. 3. When PV is put in, the dominant pole changes the
trajectory with CPL

In summary, the increase of CPL power, the input of
photovoltaic cells and the increase of photovoltaic unit out-
put will reduce the system stability, but the first two have a
greater impact, so this paper mainly studies the impact of
photovoltaic power change and CPL power change on the
system stability during photovoltaic input.

3. Energy storage converter modeling

The photovoltaic power generation unit of the microgrid
system shown in Figure 1 works in the MPPT control mode,
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Fig. 5. When PV is put in, the dominant pole changes with
P
pv

and the bus voltage stability of the DC microgrid mainly
depends on the regulation of the energy storage unit, and
the energy storage unit can adjust its charge and discharge
mode according to the power of the load end of the source
end, thereby maintaining the stability of the power grid.
The load is connected to the bus bar through a closed-loop
control converter, which is regarded as a constant power
load CPL, which has negative impedance characteristics to
the outside and is modeled as icpp. = Pep1/ Uqc-

For this microgrid structure, it can be simplified as
shown in Fig. 6.

Through the state averaging method, the dynamic equa-
tion of the bidirectional DC/DC converter at the energy
storage end is obtained according to Fig. 6:

{ = Dty ®)
dUge N Py
dtd = Cdc iLb (d1 )+ lL B Cdclli;dc

Formula: P p) is the constant power load power. There

is an obvious nonlinear term P, /Uy, in Eq. (6), which can
be further expressed as follows:
die — A;ir, + Biu; + Frw;
f’ud @)
< = AylUyc + Bouy + Fywy
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Fig. 6. Simplified model diagram of DC microgrid

Thereinto:
U,
Al:O/ Bl_ del ul:dl_ll
b
1
F= Ly w; = Uy, + B
Ay =0 BU—ICL—b, Uy = dy — 1
dc
1 . cpl
Fp=——, wy=ip4—
’ Cdc ’ ‘ Ugc
where, B;, PBv represents the model uncertainty. To sim-

plify the design, assume that:

tlggoﬁi =0, tlg’l(;loﬁv =0

4. Mpc controller design

4.1. Model prediction

For a single input single output system there is

y=Ay+Bu+Fw (8)

Where: y is the state of the system, u is the control input,
w is the sum of multiple perturbations composed of the
uncertainty of the model and the external perturbations.
Define the objective function of the system represented by
the above equation as

J=le(t+ Tl = et (t+ T) —y (t+ T )

Where: T; is the prediction time, yye¢ (f + Tr) is the output
reference value. Expanding the Taylor series to the above
equation, there are:

T0'+r

(o +7)! el (1) (10)

e(t+Tp) =e(t) + TeM(8) + ... +
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where: o is the relative degree of the system, r is the control
order; In this paper, the relative degree is 1 and the control
order is 0, so eliminate the higher-order derivatives and
simplify the above equation to:

e(t+Tp) = e(t) + Tre™M(t) 11)
It can be obtained using Eq. (8) and Eq. (9).

é(t) = Yref (t) — Y = Yref (t) — Ay — Bu—Fw (12)

Eq. (11) is further expressed as:

(t+ Tr) = e(t) + Tr (Jyef — Ay — Bu — Fw) (13)

Bringing the above equation into the objective function
of Eq. (9) yields:

] = (H(y) — Gu— Mw) Y (T,) (H(y) — Gu — Mw) (14)

Where: H(]/) = [ e(t) yref(t) - Ay
[0 B], M=[0 F].
Let the objective function control the derivative of the

input % =

"6 =

0 to obtain the optimal control rate:

u) = g (ge® - ay-Fo)  03)

Substituting Eq. (15) into Eq. (12) yields an error equa-
tion representing a
closed-loop system

(1) + () =0 (16)

Since the prediction time is always positive, the system
is progressively stable. Since in practice, perturbations are
not always measured in real time, Eq. (15) can be rewritten

as:

u) = 3 (ge@+va—ay-ra) @)

where: ©@ is an estimate of w.

4.2. Perturbation observer design

When using MPC to control the converter, the robustness
and control effect of the system will be affected due to the
inaccuracy of the model and external interference. There-
fore, a nonlinear disturbance observer is designed to solve
the above problems.

w=Aly—z)
{ 2= Ay+Bu+Fd (18)
where z is the estimated value of the output y, A is the ob-

server gain, and the derivative of the perturbation estimate
can be expressed as

W = A(y — Ay — Bu — F) (19)
Defining the estimation error e;, = @ — w, combine
Eq. (8) with Eq. (19) to
obtain the dynamic equation for the observer

éw + AFey = —tb (20)

It is clear that a suitable observer can be selected to
gain A such that AF > 0. Thus the bounded error of the
estimation depends on w, assuming lim;_,, w = 0, when
t — co the observer is clearly asymptotically stable.

Substituting Eq. (17) into Eq. (18) gives the derivative of
the system perturbation estimate

W= ——e(t) — Aé(t) (21)

The simplified perturbation estimate can be obtained
from the integral of the above equation:

B(t) = —% / Ce(T)dT— Ae(t) + Ae(0) + B(0)  (22)

4.3. Integrated control approach

In practice, the perturbation can be seen as the sum of the
measurable perturbation Wy, and the unknown perturba-
tion Wy, so Eq. (17) can be written as:

1/1
M(t) = B (ﬁe(t) +yref7Ay7me*qu) (23)

The unknown perturbation estimate can be obtained
from Eq. (22).

Let Ae(0) + @(0) = 0, substituting Eq. (22) into Eq. (23)
yields the final expression of the law of control as follows:

u(t) =
% ((Tlr B AF) e(t) + % /Ote(f)df + (Uref — Ay — me))

(24)

The model predicted control designed in this paper

adopts voltage and current double-loop control, and the

inner loop control law can be obtained by combining Eq. (7)
and Eq. (24):

1 Ly At
u;(t) = 0. ((Tri +/\,) ei(t) + T. /0 ei(T)dt Ub)
(25)
Outer loop control law:
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In summary, the control block diagram of the proposed

method is shown in Fig. 7.
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Fig. 7. The control block diagram mentioned in this article

5. Analysis of simulation results

The parameters of the DC microgrid system shown in Fig. 6
are shown in Table 1, and a complete simulation model is
built on the Simulink simulation platform for verification.
In order to study the problem of maintaining the stability
of the DC link voltage of the energy storage bidirectional
converter with CPL and the effectiveness of the proposed
control strategy, a verification analysis is performed in this
section under three different working conditions.

Assuming that under the condition of sufficient light,
the demand power of the load end is less than the out-
put power of the photovoltaic unit, the overflow power of
the photovoltaic unit will be stored in the battery energy
storage unit, and the energy storage unit at this time is in
the step-down charging working mode. In order to verify
the controller’s ability to adjust the energy storage unit to
maintain system stability, this paper simulates under the
following two common working conditions, namely, the
decrease in light intensity of working condition 1 leads to
a change in PV output and the failure of the PV unit in
working condition 2 leads to no output of the PV cell. The
control effect of the model designed in this paper on the DC
link voltage of the predictive controller and the traditional
PI dual-closed-loop controller is compared.

Working condition 1: The light intensity decreases. In
the simulation system, the light intensity of the photo-
voltaic power generation module is continuously reduced
from the original 1000 W/ m? to 800 W/m?2. At this time,

the output power of the photovoltaic unit drops to the
demand power of the load side, and the battery ends the
charging mode, as shown in Fig. 8, the change of photo-
voltaic power and battery power when the light intensity

changes:
T T T
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=
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Fig. 8. The power of each unit changes when the light
intensity changes

As shown in the adjustment process shown in Fig. 9,
within 0 ~ 1.5 s, the SOC continues to increase to 60.0019%,
and at 1.5 s, the battery current changes from —5 A to 0 A,
and the SOC first increases and then remains unchanged.
As shown in Fig. 10, there will be voltage fluctuations dur-
ing the battery regulation process, which is due to the in-
stantaneous power imbalance between the source end and
the load end of the DC microgrid during the switching of
the state of the energy storage unit, resulting in voltage
fluctuations.
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Fig. 9. The state of the battery changes when the light
intensity changes

Under the regulation of the MPC controller designed in
this paper, the DC link voltage fluctuates between 105 ~
112 V, the maximum voltage deviation is 4.5%, and the
110 V remains stable after 0.04 s, compared with the double
closed-loop PI control effect is not as good as the control



Journal of Applied Science and Engineering, Vol. 27, No 1, Page 1975-1983 1981

Table 1. DC microgrid system parameters

Voltage

Parameter DC link reference Line Forecast Switching
capacitance //mF value Vyer v inductance /mH period T/s frequency fkHz
Pumeric 14 110 5 0.002 20
value

1051 4

10 7

s |

100~ |

95 1

. . . . . . . .
o0y 11 12 13 14 15 16 17 1 19

Time/s
Fig. 10. Busbar voltage and current regulation process
when illumination changes

strategy mentioned in this paper in terms of response speed
and suppression of bus voltage fluctuation.

Working condition 2: PV fault shutdown. Whent = 4s,
the photovoltaic power generation unit is completely cut
off in the simulation system. At this time, due to the de-
mand power at the load end, the battery switches to the
boost discharge working mode through the bidirectional
energy storage converter, as shown in Fig. 11 is the change
of photovoltaic voltage and battery power when the photo-
voltaic unit fails.

14 1

08 — — — PV voliage 16

06F ——— Batterypower |50

Power

Time/s

Fig. 11. Power change of each unit during PV failure

In the process of charging and discharging the battery
shown in Fig. 12, within 0 ~ 4, due to sufficient light,
the output power is greater than the demand power, and
the energy storage unit works in the charging mode. At
4 s, the photovoltaic unit fails, and the energy storage unit
ends charging and enters the step-up discharge working
mode. Fig. 13 shows the regulation process of bus voltage
and current during photovoltaic failure, it can be seen that
under the regulation of the MPC controller designed in this
paper, the DC bus voltage fluctuates at 100 ~ 113 V, the
maximum voltage deviation is 9%, and it remains stable
after 0.05 s recovery to 110 V. With PI controller, the fluctu-
ation amplitude and adjustment time of the bus voltage are
much larger than the controller mentioned in this article.

40,
SOC 4 2
i 60.002
Battery current 160.0015
30r
-60.001
25
-60.0005
20 -
< 460 R
E|sf
° +59.9995
=
2
= 10
0)
gl 459.999
5P 159.9985
or -159.998
-5 a 159.9975
-59.997
0 L L I
35 4 4.5 5

Time/s

Fig. 12. Battery state change during PV failure

Working condition 3: Load sudden changes lead to bus
voltage fluctuations. Unlike the positive impedance charac-
teristics of resistive loads, constant power loads have nega-
tive impedance characteristics, and it is precisely because of
their negative impedance characteristics that the damping
of the system is reduced and the system is more prone to
instability. In this paper, only the worst-case scenario, that
is, only the constant power load is connected to the DC bus,
and on this basis, the stability of the proposed controller is
verified. In order to simulate the sudden change of load,
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Fig. 13. Busbar voltage and current regulation during PV
fault

the constant power load is changed from 800 W to 1000 W
att = 55, from 1000 W to 1500 W at t = 5.5 s, and from
1500 W to 3000 W at t = 6 s.

As shown in Fig. 14, att = 5sand t = 5.5, the CPL
increases to 1500 W, and the proposed controller and the
traditional PI controller can keep the system stable, and at
t = 6 s the CPL continues to increase to 3000 W, and the
system under the PI controller becomes unstable, which is
consistent with the analysis results in Fig. 3, and the con-
troller proposed in this paper can keep the system stable,
which verifies the advantages of the proposed controller in
maintaining the system stability.

140 P
100 v
80
60

i
40 . O T
49 5.0 53 55 57 59 6.1 6.3

Fig. 14. Bus voltage and current regulation during sudden
load changes

In order to compare the control strategy proposed in
this paper with the model prediction controller without
observers, the load is changed from 500 W to 1000 W at
t = 7.5s and back to 500 W at t = 8.5s. As can be seen
from Fig. 15, the MPC controller without the observer can-
not accurately track the voltage reference value when the
load changes abruptly, and the deviation from the voltage

reference value is 2 V. The controller mentioned in this
article can track the bus voltage well and keep the DC bus
voltage stable, which indicates that the controller has the
advantage of tracking the voltage without deviation.

130

Fig. 15. Comparison of the proposed MPC and traditional
MPC

In summary, under the action of the control strategy
proposed in this paper, the DC link voltage response speed
is faster, the fluctuation is small, and the control effect is
higher.

6. Conclusions

Aiming at the problem of maintaining the stability of DC
bus voltage in energy storage bidirectional DC-DC con-
verter with CPL, this paper designs an MPC controller
applied to energy storage bidirectional converter, which
has a simple design process and can play a good role in the
stability of DC bus voltage, and has the following conclu-

sions.

1. In terms of feasibility, in view of unknown distur-
bances and load changes in the system, the MPC with
state observer mentioned in this paper has the advan-
tages of simple design process and easy implementa-
tion compared with the backstepping controller and
sliding mode controller.

2. In terms of robustness, the MPC control strategy with
condition observer has the function of accurately track-
ing and adjusting the bus voltage without bias. It is
very robust to external interference and uncertainty of
the system.

3. In terms of control performance, compared with tradi-
tional PI control and MPC control, the control strategy
proposed in this paper is superior to the former in im-
proving the transient performance of bus voltage and
accurate tracking without bias, and has higher control
performance.
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