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Abstract—A new adaptive switched model predictive control hybrid system, such that load demands are supplied, and fuel
(MPC) strategy is designed in this paper for energy dispatcimg of  consumption can be reduced as much as possible.
a photovoltaic-diesel-battery (PDB) hybrid power systemwhere To solve dispatching problems for hybrid power systems, an
the battery is unpermitted to charge and discharge simultae- timizati trol strat 6li dh L
ously. The distinguishing feature of the proposed switchePC is op |m|za lon con.ro strategy [6] is proposed; howeverase
that, new switched constraints are constructed to describthe dif-  Of disturbances in load demands and PV power, performance
ferent modes (charging and discharging) of the battery, sutthat  of the optimization strategy in [6] can be significantly dete
the burden of using a switched multiple-input-multiple-output  riorated. Another effective approach for energy dispaighs
(MIMO) state-space model could be circumvented. Parameter model predictive control (MPC) [7]. One advantage of MPC

of the battery are unknown constants, and are estimated ontie f di tchi th timizati trol istth
with an adaptive updating law. In the switched MPC algorithm, or energy dispatching over the optimization control isttha

predictive horizon and control horizon vary according to the MPC is a closed-loop approach achieving better perfornsnce
predefined switching schedule. Based on optimization withhie during a relatively long period when disturbances would
switched constraints, receding horizon control is utilizel to obtain  possibly occur. MPC approaches have been applied preyiousl
the dispatching strategy for the hybrid power system. Perfo {4 gispatching problems, such as optimal dynamic resource
mances of the closed-loop system with the proposed switched . . . .
MPC are verified by simulation results. allocation [8], co.spo_ptmjal operation of water_ pump siati
[9], fuel cost minimization of power generation [10], and
current management for hybrid fuel cell power system [11].
Besides, there exist other approaches for energy dispatcii
hybrid power systems (genetic algorithm [12], for example)
. INTRODUCTION For the PDB hybrid power system, a practical concern is
Independent power systems are of great significance that the battery might be unpermitted to charge and diseharg
remote areas locating out of national power grids, and sévesimultaneously. A typical route to solve the dispatchinglpr
new independent power system models were proposedlém for this situation is to design MPC for a switched model.
recent years. Among those models, photovoltaic (PV) geBwitched MPC approaches have been studied extensively
erators are typically used, because of environmental cosce[13], [14], [15]; however, most of the existing researches a
(less greenhouse gas emission and fuel consumption, gtc. [based on complicated switched predictive models, which may
Solar PV energy has been adopted in many countries apdientially render the optimization unsolvable in MPC dasi
complement for national power grids [2]. However, the maiGonsequently, if simultaneous charging and dischargirg ar
disadvantage of PV generator is that, solar energy is sutgiecunpermitted in the PDB hybrid power system, it is beneficial
daily and seasonal variations [3]. Batteries are usuaklyldsr to search for less complicated MPC strategies.
storing surplus solar energy [4] in case of sufficient sumshi  In this paper, a new adaptive switched MPC is proposed for
and supplying shortages in case of insufficient solar energlye PDB hybrid power system in case that simultaneous charg-
Sometimes the daily demand for energy might be so large tlag and discharging are unpermitted. The meamtributions
it cannot be satisfied by solar energy and battery altogethef this paper include that, 1) the optimal dispatching peabl
In this situation, the imbalance is required to be covered liy modeled into a control problem and solved by the approach
some other devices, such as diesel generator [2], [5]. of MPC, so that the closed-loop system could benefit from ad-
Photovoltaic-diesel-battery (PDB) hybrid power systers haantages such as feedback and prediction; 2) switched modes
been proposed in a previous research [6] to satisfy the dajtharge and discharge) of the battery are described byrssdtc
requirements of power in a rural Zimbabwean public clinfc. Iconstraints (instead of switched state-space model), thath
this hybrid system, the battery is used to store surplusggnen unified linear MIMO state-space model could be used to
generated by PV arrays. The diesel generator is used to codesign a simple predictive model; and 3) adaptive parameter
the imbalance whenever load demands cannot be satisfiedwith updating law are employed to estimate uncertain consta
the PV arrays and the battery. During working process of tiparameters of the battery. Simulation results demonstnate
PDB hybrid power system, PV and battery usage are prefergigh the proposed switched MPC strategy, energy efficiency
because of environmental and economic concerns, and tfighe closed-loop system are satisfactory.
diesel generator is the last choice since it consumes eigens The configuration of this paper is arranged as following: the
fossil fuels and emits greenhouse gases. A dispatchindgrob mathematical model of the PDB hybrid system is proposed
arises on scheduling uses of different components of the PiBSection II; the detailed switched MPC design for energy
. . . dispatch of the PDB hybrid power system is presented in
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PV Array TABLE Il
ENERGY PROVIDED BY THEPV ARRAY (Ppy (k), KW)

time  summer  winter time  summer  winter
00:30  0.00 0.00 1230 6.59 5.14
01:30  0.00 0.00 13:30  5.84 4.50
o 02:30  0.00 0.00 14:30  4.84 3.56
- 03:30  0.00 0.00 1530 347 2.33
04:30  0.00 0.00 16:30  2.07 1.11
05:30  0.00 0.00 17:30  0.09 0.13
Diesel generator 06:30 0.09 0.19 18:30 0.00 0.00
07:30  2.30 1.21 19:30  0.00 0.00
08:30  3.98 2.66 20:30  0.00 0.00
Load 09:30  5.42 3.95 21:30  0.00 0.00
Battery bank 10:30 645 4.89 22:30  0.00 0.00
11:30 6.75 5.25 23:30  0.00 0.00
Fig. 1. Configuration of the PDB hybrid system
TABLE | weather condition and solar radiation in this area areiveligt
LOAD DEMAND (Py,(k), KW) OF A ZIMBABWE RURAL CLINIC stable, indicating that daily PV energy data are repretigata
: : : : PV powers for supplying the load demand and charging the
time summer winter time__summer _ winter battery are denoted b¥, and P, respectively. They should
00:30 15 15 1230 1.5 1.95 . ; e
01:30 15 15 13:30 132 195 be subject to the following constraints:
02:30  1.85 15 1430 135 1.95
0330  1.95 15 1530 135 195 0 <Py(k) < P3"*", 0 < P3(k) < P3"*",
04:30  1.85 15 16:30 145 1.65
05:30 1.5 1.65 17:30 215 1.65 0 <Py(k) + Ps(k) < Ppu(k),
06:30  1.15 1.65 1830 231 3.25 a .
0730 125 135 1930 3.5 395 wherePg * denot_es the maximum amount of powgr thqt can
08:30 1.3 135  20:30 3.5 2.31 be directly transmitted to the load from PV array, ang*” is
09:30 132 3.0 21:30 2.0 2.15 the maximum amount of power allowed to charge the battery
10:30 135 3.0 22.30 1.95 2.15 during one hour
11:30  1.32 195  23:30 165 135 uring ur.
C. Battery bank
Il. PROBLEM STATEMENT Charging and discharging of battery bank can be described
A. Overall structure of the hybrid system by a simplified discrete dynamic equation:
As is displayed in Fig. 1, the PDB hybrid power system is Soc(k 4 1) = Soc(k) + neP3(k) — naPys(k), (1)

proposed by combining a diesel generator, a photovolta&yar ) )
(PV), and a battery bank [6]. The proposed hybrid systewhere Soc(k) denotes the state of charge at sampling time
supplies the daily requirements of a remote off-grid area. *: P53 and P, are charged power and discharged power,
In this paper, the mathematical model of the PDB hybriggSPectively;;. ands, are charging efficiency and discharging
power system is based on a previous version [6]. The dffficiency, respectively. In this paper, it is consideredlt th.
ference lies in that simultaneous charging and dischargifjd 774 are uncertain constant parameters, and are estimated
are unpermitted. The new model is more practical than tQ&line in the MPC design.
previously proposed one. Remark 2: The simplified discrete model of state of charge
The hourly load profile used in this paper is displayetl) originates from the continuous model proposed in [11],
in Table I. The data are obtained from a Zimbabwe rur¥{here variation of the state of charge is proportional to the
community clinic [6] locating in an off-grid remote area.  (charging and discharging) current. . .
It follows from (1) that the state of charge at a given time
B. Photovoltaic array 7 could be expressed by
In this paper, data of energy output from the PV array are ¢ .\ _ ¢ . - Pa(k) — . Pk
given for each hour in a single summer or winter weekday, 0e(T) = Soc )+77°k2=0 5(k) ndkz:% 1(k).

as shown in Table Il. The PV data are obtained from the ¢ ch fth Ki . h .
aforementioned Zimbabwe rural community clinic, by usin&tate of charge of the battery bank is subject to the constrai

the methodology and solar radiation data proposed in [18]. A BRI < S, (k) < BR®,
is shown in Fig. 1, energy from PV is used for supplying the .
load demand and charging the battery. whereBZ"™ and BZ** are its upper and lower limits. The dis-

Remark 1: Data from the aforementioned Zimbabwe ruragharged power of the battery, should satisfy the constraint:
cqmm_umty cI|n|c_ are qualified for thls regearch_, because 1) 0 < Py(k) < PPee,
this clinic is a typical energy consuming unit locating atodia
grid remote area where there exists energy shortage, aheé 2)where P;*** is the maximum hourly discharging.



In this paper, it is considered that simultaneous chargig Online estimation for battery parameters

and discharging are unpermitted, that is Define u(k) 2 [Py(k), Ps(k), P2(k)]T. The dynamic pro-
cess of the battery bank can be expressed by
Py (k)Py(k) = 0. 2
Soc(k) = Soc(k - 1) + bmu(k - ]-)a (3)

Switches between charging and discharging are arranged in a R )

heuristic manner according to data in Table | and Table {/her€bm = (0,7, —nal. or equivalently,

When the load demand exceeds PV power (between sunset Soe(k) = Soe(k — 1) + byup(k — 1), (4)

and sunrise), the battery is set in discharging state; arehwh

the PV power exceeds the load demand (during day time), thBereb, = [1., —nal, anduy, = [P3(k), Py(k)]".

battery is set in charging state. The estimated battery dynamic system can be given by
Remark 3: I_t should_ be acknowled_ged that the heuristic Soc(k:) = Spelk —1) +5b(,€ — Dup(k — 1), (5)

manner of switching time could possibly brings some draw- . .

backs. For example, there might be disturbances in PV powdrere S,.(k) is the estimated state of charge, ahd =

and load demand. The disturbances could possibly result[in, —74) denotes estimated parameters.

lower PV power and higher load demand, such that chargingThe cost function for online identification is designed by

would happen when PV power is insufficient (and discharging 1 -

would happen when PV power is sufficient). However, in /p :gsoc(k)2

another aspect, the performance of MPC with respect to 1 . 2

5 (Soc(k) — Sk — 1) — by(k — 1)up(k — 1)) .

disturbances can be well tested. =

yvhereSoc(k) 2 S,.(k) — Soc(k). Its gradient with respect to
D. Diesdl generator by can be calculated by

The diesel generator is used to cover the imbalance, whenVJ, = — (ASoc(k) — by(k — up(k — 1)) up(k — 1),
the load demands cannot be satisfied by the PV array and the
battery altogether. It is the final choice, because 1) theifue Where ASy (k) £ S,c(k) — Soc(k — 1). Consequently, the
expensive, and 2) it generates greenhouse gases such as Catpdating law forb, can be designed by
Dioxide (CO-). The advantage of using diesel generator is that 5 s
it can be operated at any time according to demands. bo(k) = by(k = 1) = AV,
The energy from diesel generator is subject to the constraiand the updating law fob,,, is designed by

0 < Pu(k) < Py, b (k) = [0, e (k), —ha(k)] = [0.by(R)].  (6)

. . It can be proved that [18], with the proposed updating law
max
where P/ is the maximum amount of power that can b?G), estimated parameters converge to their actual valties,

genergted by.the diesel generatqr during one hour. the controlu, is persistently exciting (PE [18]), and satisfies
As is mentioned before, the diesel generator, photovoltaic

array and battery bank should supply the daily requirements wp(k) T uy (k) < 2 - 0‘7 )
of power cooperatively: A
where0 < a < 2. In this paper, (7) is treated as an additional
Py (k) + Pa(k) + Py(k) = Pp(k). constraint. PE ofi, (k) is explained in Appendix.
E. Objective B. MIMO linear state-space modeling

In this section, the model of the hybrid system is trans-

The objective of this paper is to design the scheduling ofprmed into a linear state-space form to facilitate MPC glesi
Py, P; and P, for the PDB hybrid power system in case pefine outputs

of uncertain constant charging and discharging coeffisient

(n. and ), such that the usage of diesel generaprcan Ym (k) Ze1 (Pr(k) — Pu(k)) = 1 (Pa(k) + Pa(k)),
be minimized. It is also under consideration that the batter 5, (k) £c;5 (P (k) + P3(k)),
should not be excessively used, such that its deterioraton (k) 2ea (Py(k) + Pa(k)),

be prevented.
where c1, ¢ and cg are positive weight coefficients. It can

be seen that minimizind_ ¢? P, (k)? is equal to minimizing
I1l. SWITCHED MODEL PREDICTIVE CONTROL DESIGN S (1 Pr(k) — ym(k))Q; the usage of PV can be encouraged
minimizing 3 (¢3 P, (k) — ya(k))?; and the usage of the
ttery can be minimized by penalizing v (k)?.
Define the augmented system states

In this section, design procedures of the switched mo
predictive control are presented, including parametémest
tion, system model transformation, objective functionigies
constraints treatment, and MPC algorithm. z(k) 2 [Soc(k), ym(k — 1), ya(k — 1), yp(k — 1)]7,



and the augmented output (d) P;(k), andP,(k) should satisfy the additional constraint
7), which can be rewrite as following:
() 2 [y — 1)yl — 1,k — D], @ 0

such that a linear state-space model can be obtained: Ps(k) + Py(k) < 2 ; @
{ z(k+1) = Az(k) + Bu(k), )
y(k) = Cz(k), (e) Charging and discharging cannot happen at the same
where time, as is implied by (2).
0 n —ma Constraints (a)-_(d) are convex, V\_/hile_ co_nstraint (e) _is -non
1 Opes o 0° o convex. To achieve convex optimization in MPC design, we
A= [ 0. OIX( } , B= o e 0 , divide constraint (e) into two switched cases: 1) charging
Bxl Hexs 307 (P, = 0), and 2) dischargingH; = 0).

0
@ e 1) Charging: The constraint (e) can be rewritten by

C=][03x1 Isxs |.
The linear state-space system (8) is considered as thetplant { Py(k) <0,
be controlled via the MPC approach. Py(k) >0.

Constraints (a), (b), (d) and (e) can be compactly rewritten
C. Onbjective function for MPC

The objective function comprises of following three items: Miru(k) <, (10)
1) minJy(k) = min Y} (e PL(k) — ym(K))?, which  here
indicates that usage of the diesel generator should be ) ;
minimized; T -1 o 0 ] 0
2) minJy(k) = min Y5V g, (k)2, which penalizes the 0 -1 0 0
use of the battery bank; 0O 0 -1 0
3) minJs(k) = min 3 V" (¢s P,y (k) — ya(k))?, which 0o 0 1 0
implies that usage of PV generator is encouraged. 1 0 1 Pr(k)
Here, N, represents the predictive horizon for MPC design. M1 =| 1 1 0 |, yu1= Pp':}n(akx)
DefineY (k) 2 [y (k),yT (k+1]k), ..., yT (k+N,—1]k)]7, 1 0 0 B
where y(k + i|k) denotes the predicted value gf at step 0 1 0 P%nw
i (i=1,...,Np) from sampling timek. Define the reference 0 0 1 male
value R(k) 2 [e1 Py (k), 3Py (E), 0, ¢1 Pp(k + 1), e3Py (k + -1 0 -1 Py — Pr (k)
1),0,...,c1PL(k+Ny—1), c3Ppy(k+N,—1),0]7. The overall | 0 1 1 | \/ 52

objective function is then given by
min J (k) =min(J1 (k) + J2(k) + J5(k))
=min (Y (k) — R(k))" (Y (k) - R(k)).

Define the predictive control vector:

9

O ) & W) T 1), T 4 N~ 1),

D. Constraints for the MIMO linear system v_\/hereu(k+z‘|k) is the predicted value of from_the sampling

) . i time k, and N, denotes the control horizon. Since eadlt +

In this paper, switched constraints are used to descripg, iy the predictive control vectd (k) should satisfy (10),

different modes (charging or discharging) of the battenghs it follows that U (k) should satisfy

that the plant to be controlled could be expressed by a unified

linear MIMO state-space model without switching parts. My U(K) < 11, (11)

Constraints can be categorized as following:

(a) Energy flows from generators and battery are nowhere

negative values and are subjected to their maximum My .
values:0 < Py(k) = Pr(k) — ym(k) < P, 0 < _ B :
Pi(k) < P"e® (i = 2,3,4), whereP/"** (i = 1,2, 3, 4) My = s Y= |
denote the maximum values of energy flows. My Y11

(b) Energy flow from the PV generatoPy,(k)) is no less
than the sum of PV energy directly used on the load
(P2(k)) and the battery charge rat&s( %)), that is Constraint (c) is expressed with respect to state of charge;

to facilitate the MPC design, it should be transformed into
Ppo(k) 2 Po(k) + Py (k). a form with respect to pre%ictive control vectbi(k). After

(c) State of charge of the battery is restricted between Bome derivations (presented in Appendix), Constraint &r) c

minimum and maximum values: be transformed into a compact form:

Bgzin < Soc(k') < Bgzaw. MzU(k) < ’_727 (12)



where example, the battery switches from discharging to charging

B -B,, (Soc(k) _ Bmm) 1,1,---,17 7:30, and from charging to discharging at 17:30.
Ms = [ B,, ] Y2 = { (Bmas — Socc(k)) [1:1:, :1]T ; In this paper, control horizon and predictive horizon are

. varying according to switching times. At a given timefind

b O 0 the nearest switching tim&), > k. The control horizon and
B (13 ) by by e predictive horizon for time: are given by

s 0 N.(k) = Np(k) =Ty, — k. (15)

b bm b

N F. Switched MPC algorithm

In (12), Soc(k) can be obtained in real-time, and the constraint Standard linear MPC algorithm can be referred to [7]. With
is expressed with respect to the predictive control vebtdr).  the linear state-space equations (8), the objective fand®)
Combining constraints (11) and (12) yields constraints f@ind the constraints (13) or (14), a switched MIMO MPC

MPC design in charging state: algorithm can be designed for the PDB hybrid system:
MU (k) <7, (13) i. For time k, find the control horizonN,.(k) and the
_ . P predictive horizonV, (k) through (15).
where M. = [Miy, My ", e = [V 72 ] ii. Optimization: find optimal/ (k), such that the following
2) Discharging: The constraint (e) is equivalent to optimization problem is solved:
P3(k) <0, . T
{ Py(k) >0. min (U(k) EU (k) + 2HU(k)) ,

s.t..  (13) for the case of charging

Constraints (a), (b), (d) and (e) can be compactly written by or (14) for the case of discharging

M12U(k) < 712, where
r 7 whereE and H are MPC gains calculated based on the

Bl _01 % 8 objective function (9). Detailed calculation &f and H
0 0 -1 0 is presented in Appendix.
0 1 0 0 v. Receding horizon control:
Lo 1 Pu(k) u(k) = [I3x3,0,---,0]U(k).
Mg = 1 0 |, 2= va(k) .
1 0 0 pyer vi. Update the estimated parametérsands, by using the
0 1 0 et proposed updating law (6).
0 0 1 Py vii. Setk = k + 1, and update system states, inputs and
-1 0 -1 et — Pr(k) outputs with controk(k) and state-space equations (8).
| 0 1 1 | Q*Ta Repeat steps i-vi untit reaches its predefined value.

- . Remark 4: It should be noted that, although MPC is applied,
IHOIISV\]/: tzaf the pr:edlctwe control vectdf (k) should satisfy the dispatching of the hybrid power system is fundamentally
12U (k) < 712, where an optimization problem (instead of a control design prof)le
Mo Y12 consequently, stability of the closed-loop system is nsetiged
by the proposed adaptive switched MPC. However, states of
the closed-loop system are guaranteed bounded, since the
Mz 72 optimization in MPC is processed with constraintsin Pz,
Consequently, constraints for MPC design in discharginig, P, andS,..
state can be expressed by:

MU (k) < 74 (14) IV. SIMULATION AND DISCUSSION

My = , Y12 =

where My = M5, MT)T, 34 = (35, 7%)7; M, and 5, are _In this section, simulgtion results of the PDB hybrid system
give by (12) to satisfy the constraint (c). with the proposed switched MPC_: are p_resented. T_hg daily
demand and PV power supply in a Zimbabwe clinic are
] listed in Table | and I, respectively. To test the performes

E. Control horizon of the closed-loop system with disturbances, it is assumed

Switching time is predefined in this paper according to loatiat actual demands a% larger than expected, and PV

demand profile and PV power supply. The battery is in thgovides20% less power than expected. Values of system
state of charging, when the PV power supply exceeds tharameters and control parameters are listed in Table I an
load demand in a certain hour; the battery is in the stafable 1V, respectively. Initial values oP;(k)(i = 1,2,3,4)

of discharging, when the PV provides insufficient power faare set to zeros. Initial values of state of charge is set to
the load demand in a certain hour. In summer weekdays, fof, (1) = 0.7B%**.



TABLE Il

VALUES OF SYSTEM PARAMETERS P
1
--P
Notations  Values Notations  Values at . : 2
pyrax 5 kW BmaT 54.5 kWh i i A Py
Ppaz 5 KW Brin  27.25 kWh : o o
pjre® 5 kW Ne 0.8 = 3r !
=4
por 5 kW M4 1.2 < :
z g
a 2r
TABLE IV
VALUES OF CONTROL PARAMETERS
Notations  Values Notations Values
c1 1.0 A (summer) 0.1 00
c2 0.2 A (winter) 0.2 time(h
s 0.8 a 0.01 imeth)

Fig. 3. Energy flows of the closed-loop system (summer)
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Fig. 2. Load demand and PV power in summer time(h)
Fig. 4. Estimated parameters (summer)
A. Smulation results of the proposed switched MPC
For the proposed switched MPC with online estimation for 5 —
. " e . ---Loa
uncertain parameters, initial values of estimated pararaetre

given by 7.(0) = 1.0 and7j4(0) = 1.0. “Interior Point” [17]

is used as the numerical approach for solving optimizatior
problem at each MPC cycle. The time spans of simulation
cases are assigned to 4 days (96 hours).

In summer days, switching times are 7:30 (from discharging
to charging) and 17:30 (from charging to discharging) every
day. Results are displayed in Fig. 2 and 3. As can be see
from Fig. 2 and 3, whenever the PV power is sufficient for
demands, it is used directly to satisfy demands, and theryatt ‘ ‘ ‘
is in charging state. In case that PV power is insufficient, 0 20 40 ime(t) 60
the battery switches into discharging state to satisfy tfz |
demands. In summer days, it seems that PV power is qui{§ 5. |oad demand and PV power in winter
sufficient, so that the diesel generator is only used for Goge
the imbalance resulted from disturbances. It is illustidig

Fig. 4 that gstimated paramgters converge to actual Va"ueSFPg. 7, estimated parameters converge to actual valueseof th
the uncertain parameters ultimately. uncertain parameters ultimately.

In winter days, switching times are 8:30 (from discharging
to charging) and 16:30 (from charging to discharging) ever . . .
day. Results are shown in Fig. 5 and 6, where principles ase Comparisons and discussions
similar with those in summer. The main difference in summer To better illustrate performances of the proposed adaptive
is that, PV power is relatively insufficient, and the diesedwitched MPC, Comparisons with other techniques are pre-
generator covers the imbalance resulted from both inseffici sented. Diesel consumptions of systems with different-tech
PV power and external disturbances. As can be seen fragues are listed in Table V.
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Fig. 6. Energy flows of the closed-loop system (winter)
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Fig. 7. Estimated parameters (winter)

TABLE V

DIESEL ENERGY CONSUMPTION§KWH) OF PDBHYBRID SYSTEM WITH

60

DIFFERENT STRATEGIES

80 100

Summer  Winter

Adaptive switched MPC 63.7 118.4
switched MPC 63.9 118.2
Intuitive strategy 68.0 125.3
open loop optimal control 81.4 140.2

The switched MPC without online estimation for uncertal
parameters is designed by setting their nominal values
1.0. As can be seen from Table V,
the result of the switched MPC without online estimation
is fairly satisfactory. It is quite similar with that of the
proposed switched MPC with online estimation, implyingttha

7. = 1.0 and 774 =

the inherent robustness of MPC with respect to certain gegre

TABLE VI
DIESEL ENERGY CONSUMPTION$KWH) OF THE CLOSEBLOOP SYSTEM
WITH DIFFERENT BATTERY CAPACITIES

B 43.6 49.1 54.5 60.0 65.4
Summer  81.3 68.1 63.9 60.2 56.7
Winter 1253 121.8 1184 1149 1115

and battery bank to supply, the diesel generator is opetated
cover the imbalance. It can be indicated by the result ligted
Table V that, the robustness of the proposed MPC with online
estimation is superior over that of the intuitive strategy.

The open loop optimal control is designed by using the
objective function and constraints of the proposed swiche
MPC, but without receding horizon control and online esti-
mation. As can be seen from Table V, the diesel consumption
with open loop optimal control is the largest. The reason is
that, only one optimization is conducted at the very begigni
of operation, without consideration of parametric undatias
and external disturbances. In contrast, with the proposed
switched MPC, optimization is conducted in each sampling
time with feedback of system states.

Another comparison can be conducted among systems with
different battery capacities. As can be seen from resufis di
played in Table VI, total diesel energy consumption de@sas
if the capacity of battery bank can be increased. The reason
is that, in case of larger battery capacity, the proposed MPC
strategy would choose to store more PV power for future
consumption rather than abandoning surplus PV power due
to limit of battery capacity, such that less diesel energyldo
be used for covering the imbalances.

V. CONCLUSION

In this paper, a new switched model predictive control
strategy is developed for energy dispatching of a photaimlt
diesel-battery hybrid power system in case that simultaseo
charging and discharging of the battery are unpermitteti. Di
ferent switched states of the battery are described by lsadtc
constraints, so that the hybrid system could be expressed by
a unified linear MIMO state-space model, and the difficulty
of constructing complicated switched predictive stateesp
iH‘nodel is avoided. Uncertain battery parameters are egtimat
%ﬂine with the adaptive updating law. Simulation resultsl a
comparisons with other strategies imply that the proposed
switched MPC algorithm is satisfactory in dispatching eyer
usages for the PDB hybrid power system.

Some future works of this research include: 1) to construct
an objective function with more factors that may signifidgant
influence the overall cost; and 2) to enhance the MPC design

of parametric uncertainties is acceptable. with the consideration of time-varying system parameters
The intuitive strategy can be described as following. if the ying sy P '

sunlight is sufficient, PV array is use®) to satisfy the load
demand fr) as a priority. The PV array is also used for
charging the battery bankP{) in case of sufficient supply
for the load demand. When the sunlight is insufficient, the i )
battery bank discharges to satisfy the load demand as th& E ofuy(k) can be explained as following:
second c_hoice,_since battery power is cheaper than thel diese ( B Ps(k)? Ps(k)Py(k)
power. Finally, if the load demand is too large for PV array Ub | Pu(k)Ps(k) Py(k)?

APPENDIX
PERSISTENT EXCITATION OFu; (k)

kyus (k)"



where Ps(k)Py(k) = 0 since simultaneous chargingwhere (Fz(k) — R(k))" (Fz(k) — R(k)) is independent on
and discharging are unpermitted. Moreover, for this hy7(k); consequently, according to [7], optimizing(k) can be
brid system, there always exists a time sp@mh + transformed as following:

H,) containing both charging and discharging; it follows ) . T

hat 0 < orloes < SE 0 (k) < n Ty, min.J(k) = min (¥ (k) = R(K)" (V (k) ~ B(E)
where a; = min {EZi;?OPS(k%EZifOle(k)}, and ay = < min [Q(Fx(k)—R(k)) CI)U(]C)-i-U(k) (0] (I)U(ki)]

. T
max [22:{;’0p3(k),zg:{;’0P4(k). Consequently,uy(k) is (U(k)" EU(k) +2HU (K)) ,

persistently exciting in the time spdh, h + Hy). whereE(k) = ®(k)" ®(k), andH (k) = (Fa(k) — R(k))" ®.
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