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Figure 1 Hybrid wind and solar generation system
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Figure 2 The structure of wind generation system

2.1 RARBRGER
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2.1.1  {RiRGHIHFEIRE
FR 5 [ 8 ] R L REYR S U6 = F2 H A XML AR LR MEAR A WL v] Ros A

2,3
T, - 0.5mpR*v C’p(v,wT,G)7 (1)

Wy

Hrr p R EE, R 2NN T, 0 X80 M, A=
3 (1)

EFIF A% C, TR

C, = (0.44 — 0.01676) x sin ( mx(A=3)

W) —0.00184 x (A —3) x 6, (2)
WIPEAL B R GEsh A PERE AT iR N

dor 1
At J,+N2J,

Hrp, Ny RAEBIL, 0., J, 3R RHL AN EE, T, ok L.

(To = NyTy), 3)

WA & kR E
Py = pTywy, (4)
Horp LR w, = Nyw,, p NHEPLEE.
I S T o o (12
T, = Ng s T, 4 —Nar T,. (5)

Jr+ N2J, " I N2J,

2 I PR AT KRG RR M, SR8 25 A P 5 28 32 A gk AT 4 ) (12
K, . K;

0=— wyf — Wf — Werated )»
KC f Kc( f grat ) (6)
. 1 1
w —wy — —Wwrt,
f= T, 9 T, f

B, wp NRHUEGE w, Z2IIEBR1E B EAE, waratea NEHHIERE, Kp M K; N PI ?ZFEJ ¥
FIEE B SR> 25, K. ARERS B 21X il AR e 0T 2R Ty = i AR BE A A R B IE R AK, 7p 2
T IR N ] 3 £

%TXT% i(i=1,...,n,) ARSI KBRS, ECRE o = [0 wi wh], BHIER o) = P}, HHE
By =T A (1 ) ( ) T fIR  H EAE T

il = fp(ah) + Gop(xp)u,

i (7)
yr = hip(a, uf),
o,
KN KpKim Kj
- K. ZTg + Kl 1 3+_?é'wgrated 0
P O.57‘ch21)30p(v xh, xh) . -1
1 xl — ) 7. , GZ xl — ,
o) (3 + (N3 Ti)h T G ) e
1 . 1
Ty = T 0
L Tg g _
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hi(xi ui) _ (N‘]) J!] O'SﬂpR2U3CP(U7xZ27x11)
Ji+ (NiY2Ji h

EFERFES IR T, KA R B RS 21

Ji uly
Ji (N Jip oy

, , (k+1)T
2k + 1) = 2 (k) + / (fi(a!

2 (7)) + Gl (7))l (K)) dr,
r (8)
yip (k) = b (2 (K), wip (k)
st 0<0 <0, A0 <A <AO, . 0O<uh <P
Soop gl AGL R PL AR SREE A SR AL R R
R TIE.

HANT TR RGIRK

2.1.2 MRBHER

BT 8 THEBEE I, 5 o R B R G A XUsUR EL Bh A g B2 mT LR R s T gy 77 1 081
dzdr RZ [ 1 %
dt - _ﬁzdr + Wslqr + yudra
! _ . (9)
dig, ii Ry i L i e
a = —Wglyq — + =u

51 qr 51 qr yv
L zqr N d-q BRI, PSR o), A Uqr NEEF doq BHLE, 6 = Li— L ) i

wm?
w1 NFEPEAERE, wi, = niwl TS, n, NHENBTE, LA L ﬁ%*ﬂm?*ﬂﬁ:?ﬁ@, Li,
NEHIEK, R, TR, o e FHEE RL=r, +

y Al = (Ii,s ) Tsy T'ry T's ﬁj\nujj%%\ %%%Eﬂ
LAt T 27T AR IR
.31
Pg = _iﬁw Lm qr(pa (10)
ESCIRES @, = [il, i8,]7, TBHIE wy, = [uly, )T, W E o, = PL WXUS LIS
:twi = A;L-U'Twi + Bfuuwi + Fqin
o ' (11)
ywi = quux’wm
>N EP7 X
R} . 1
L ~ 0 0 iLi
i o s i _ | i _ . (- 3""990
Aw ) Rt 7Bw_ 1 ?Fw_ (p;?cw_[o 2 Ll :|
—wt = 0 —= ——
s RX R R
HEFERFE 8] T, K 2 B B e 15 21
Tu; (k+1) = fu, (@, (k), ww, (k) = ALy T, (k) + By ttaw, (k) + Fp, (12)
Yus (k) = gu, (T, (k) = Cryppu, (k)
s.t. 0 < ywi (k) va max’ ’u’iu-min < uwi (k) < uju-max’ Auw -min X Auw ( ) < Aujﬂ-ma)ﬂ
EE':" Aan =¢e wT Bl = (foT

A7) By, Chuy = Clyy Fiy = (Jy 7AT)Fy e Mt iy
w, (k) MK f/ME, Auw-min A AU o 7E Ay, (k) N BKE
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Figure 3 The equivalent circuit of solar power generation Figure 4 Model of the PV cell

with DC/DC converter

2.2 KFHRERBERRER

FERFHBER ARG, I R IBACRE K BH B B AL L BE. W1 3 s KFHAER L AR St £ 2t
SEHLRE R G AR FI AN TA 3 BB BT 28 Zh R i) DC/DC i a4 A

Buck HLEE{EN DC/DC AR aH EROGRIESI S B B, R 7R nIRon o B

dis __Udc &
dt Lo Lo’

13
Yo i (13)
dt — C c

Hrr, ¢ F Lo 437052 HUBFI LR B RN, w AARRATT REEHNIE S (DA 0 5L 1), SuREES A% H iR
JE Voo ML e PTHIUTE] 4 FR ) ng SOCAR IR TR n, SRIFICHRHI G AR RE 51 55 20 B8 3K 15
th =Nng X ‘/})7 Ipt =Ny X Ip,

Iy =TI — 1o xk— (Vo +1I, x Ry)/Ren,
Iph == (Isc + k1 X (T - Tref)) X >\s/>\ref’

gx (Vp+ I, X Ry)
= -1
F eXp( ns X AxT ’

Eg
kB X T)7
Forpr, Lo NHERE UL, by AR SRR B IRURIMER TR REL, Mot WEHURRIE, Tooe NS,
q NHETHE, A AR T, kg N Boltzmann #H, E, N FAESIFRIREHREER, ke AHEREL
ARGt D LLRIR N

Iozk‘ongxexp<—

PS = Udcis = Uptipir (15)

AR LA T O R ORI dE AR g 0] DLERICN PWM (22 Bz, R n] BLA &5 S L w AR
B u, KFHAE AR RGN AT AR IR BN T 10 77 2
iy = fo(xs) + Gs(2s)us,
Ys = Hs(xs)a

(16)
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5 ERMIER

Figure 5 Battery model
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EFERFES IR T, KA R B R 15 21

ri(k+1) = fo(zs(k), us(k)),
ys(k) = gs(ws(k)) = Csws(k)
s.t. 0< ys(k) < Ps—max(k)a 0< us(k) < 15

ot fo(o(k), us(k) = 2o(k) + [OIDT (fo(@s(7)) +Gs(s(7))us(k))dr, Cs = [vac 0], Pomax A PHAE
% LR G R I I K TR,

2.3 fEEERGER

TEMASL ARG CEAN R G, |2 R I A Re R, HAER N 5 Frs, ShaSReEnT i
TR A A 14
vp = By + Ryic — ip(Ry + Ry),
di.. 1 . di (18)

a mo e a

RGN TN
Py(k) = vy (k)i (k) = Eyiy(k) + Ruic(k)iy(k) — (Ry + Ra)(in(k))”. (19)

Lrteat (18) 1 (19), MEFERRERTI T, e 2 SRS B 751

zy(k + 1) = fo(wp(k), up(k)) = Apmprs(k) + Brpus(k),
yo(k) = gu(ap(F))

st — i Ly (k) < amex,
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3
ﬂ}

in (k) 0 o
= Aiy(k), yp = Py, go(2p(k)) = Eyin(k) + Ruic(k)in(k) — (Ry + Ra)(in(k))?, iax Jflhe RG L VFIN
KFE TR IR,
TERGRE I TAERERE b 78 BCREUOIRAS & — P L L 4R AR, SRAE 25 H it mT 4t 1 i i o e T 30 5
REME >, o LR R

ic(k - 1C1
xb:[ ()], Amb:P T/RiCy 0

qp(k +1) = qp(k) — nATp Py (k) (21)
st 0.2< g <08,

b AfEREFRIL A . OB, AT N MW-to-MWh 4 5 1.

3 SRIEM TS

RO EANA R G 7 Gos B 70 A7 s H R 6 Fros. RGEH) LR R T 2R AR
BRI A SR 2, e H AR PR & 7 RGBT AR BE, SCBLA 5 H sl 2 eV gefads,
iﬁJ%f’EﬁTF??ﬁ%?@EE@ﬁE% SOEME. RO 3 2 R 4E R BN K i R G R OTAl, AERAS
BORE P Rt ) RN R PRI AT SR AR T JR R B TN 2 i SE BRI 25 R (B A R A R
. iR (0 20 A AT A 2 K R0 1) ER rh SRR B A e A2 D o0 A K 5, BEA T
IR, R A B TS UL KOG BN A B AR G 2% 70 A 2 R AG) <BIa R A se e H A 17

3.1 INRNERE - HHAFUNEHES

I A T2 1) H AR o8 B e 2 SEBUAR B T R AT P BRI R B B %G, RGEK IR
AR T 3R, HERF IR, PRIE LR A U AR E ; IR, BT KPHBEAR L R G A HLIAE  fiE
B, I, ORBHBEA R BRAS IR, A ZUR AT BE T8 70 ML KRB e, A2 HR 7> BRI K R S
Seftt; R, KJTR R GE P IR Al HLE S r i K 2 i R GE A A, DRI, 78 H AR B AR 8 X
HUHUBR R E ORFFAERGE /KT, T8 SR B0l FEAR4ED 2% 1, R, RGpiaqT i v RO A R/ 3
PP 78 HECHE KR, S & AT A i, BRI AT A, ThER I A DA 1r T m] LA

[Pv'f?f; PEt; Pfaef}

=argminJ = argmin(J; + Jo + J3 + Jy + J5)

2
¥i - max 2

P(k+1i)— Ps(k+1) — ZP k+1i) — Py(k +1) + | Ps(k +14) — P[5,

QL

w i o 2
+ D ||k + ) = Pimallgy, Pk 1) = Tk +9)|| +q3<k+i>—qB|zB> (22)
. T

T (23)

_ A (k+1> o o .
N { (k4 1) = 2 (k) + /k (Fi(ip (7)) + Gip(ip(7) i (k) ) I,
i (k) = Bl (w5 (), (),
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Figure 6 Control structure of hybrid wind and solar generation system

max? max max’ 0 g u,’LIj g Pii—max’ (24)
Ps < Ps—max7 (25)
qp(k +1) =qp(k) —=nATpPy(k), 0.2<qp <0.38, (26)

0<6 <6 —AfL < NG < AG!
0<

oo, TR S NI N, = SV Bk §) — Pk 4 §) — S5 Ph(k + 5) — Pulk
IR, RFRGR AT, BB M ARHER b = DN, [Pk +i) — Pr3, RKMAER
PR, BT B 78 4 F A LBBHE KB BE A s = 000, 500 P (K + 5) = Pl epnallg,
Jy = Zj—il Sy (k + 5)— Tik + §)N13, RRITR B, BIR 8/ Th 3k 2 AR 5 5 5h
TR HIERRE, FARYE T, J5 = Z;»Vzl lgs(k+5) — 4Bllg, *EMERERGAE B, HULTT REs/NE
T FE A UK, B E HUAE 75 . S SRR Pt Pty PR N

Pt = [PE (k) P (k1) o P+ N = 1))

T
R = [P0 P+ 1) o P N - )]
PE* = [Bf(k) B (k +1) - B (k+ N 1)),

P R GR TR, Pl BRI IR § ARWISECThE, TF 25 i RIS
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i, AT RGHCR AR RACTER SRR (22) 1EATRAGTEAR AT 9 0. R IR (S M ARIE S T
R AR RlAE, B RGNS T S rh s hil i R AL, THRR IR 22 1), BB BRI

Stepl. 7E k BIZI, JBEMSBISEAN T RANRSE, WEFR P UK k- 1 B ZIERIAHE
[Pty Pt P, WAL 1= 0, [Peh P PR = [Pyt P PRY).

Step2. me = argmin J(p Pt (i=1,oosmus i) PES PR Q"JEE% (23), (24); Pi™* = argmin J|[P‘55:-;P]r3ef]
21T (25); P{ff* = arg min J|{prer, prery 21T (26).

Step3. [P‘%Zf’Pgef Pref]i+l = [Pre]f* prefx, pref<].

Stepd. 4TERIIE e, RA R IH L TSR [P Pt PR — [Pyl Pyt PR < e, 350
ARMSCHRAT, AR (22) IR [P;ﬁf,Pgef,Pgef]l“ FEARGER, H Steps; T, & [Pt P pief)' —
[P Pt PR U =1+ 1, 3RI] Steps.

Step5. T k B ZIEIERMRALIE Pref(k) = [10 -+ 0], NyPr (i = wj,8,b,5 = 1,...,ny), TER
WRIE NS B EIER T FE T KBRS

Step6. EANBALE] T —HZ], Bl k+ 1 — k, iR [A] Stepl, EE L EiTFE.

3.2 IDWERRERE - BEHNES

o B N 7 ) R T R B xR 2% T TR R A R AT R AR B RGEANR O
PT Pl 4% (02 A b, S0 B B DR, Wl 6 P, ME i asimad ot A AR s kS T PI
PR AR B VOEE r 19, HSEFURAE DRI RC R MR ER PLJZE Pl i — DT RGBSR AL
Tz, SEMThH I3 BEJEIRAT 1 45 78 EE i 0 g b AT e A A i 2 PT I v i ss E Ma,
AU EGE RS ENE. 5 i UK T R4 TR PLIFTTSRMERERIEA

si

wlh) = (7 2 ) ()~ ), (27)

Hrb i =wj,s,b,5=1,... .00, i A PLZERISHELGEM, P A K 7358 LB 7> 240
S 1 R T ARG R H H AR

Np Ne
min J; = 5 (@ sl +olk) — PG+ 9] + 5 [0, Auith +p— 1] (28)
p=1 p=1

st zi(k+1) = fi(zi(k), ui(k)),
yi(k) = gi(zi(k)),
ui(k+pt) = ui(k +p—1) + Au;(k + p),
u™ (k4 p) < ul™,
AU < Aui(k+p) < Au™™ (p=1,...,N,),
yt < yalk+p) <y (=1, Np),

si

wlk ) = (K74 T2 ) (1 +) = i+ )

Hrb, @b, QA NBUERE, N, NI, N st tefeil inl e R f e 21 — R (se-
quential quadratic programming, SQP) K fi#.
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x1 RNERBRGESH

Table 1 The parameters in wind generation system

Parameter in wind turbine Value Parameter in DFIG Value
R (m) 63 np 2
I 0.944 The rated power (MW) 5
p (kg/m?) 1.225 Werated (rpm) 1173.7
The rated wy (rad/s) 1.2670 rr, rs (M) 1.1/0.86
Jr (kg - m?) 2950000 L, Ly (mH) 0.17/0.13
The rated v (m/s) 11.4 Ly, (mH) 1.83

* 2 KMHEREERZSH

Table 2 The parameters in solar generation system and energy storage system

Parameter in solar generation system Value Parameter in energy storage system Value
ns/np 50/2 ATp 0.25

ko 446 n 0.92
Rgsn () 106.04 C1 (F) 12.195

Rs (Q) 0.256 Ry (mQ) 0.41

q (C) 1.6 x 10719 Ry, (mQ) 1.88

kp 1.38 x 10—28 Ey, (V) 2.1

Eg (J) 1.76 x 10719 imax (A) 400

4 HEIR

PiE R IE RN E n, = 5, RS EE R AT NI HERFER ] T = 1 s, IR
F B BRI A28 RIS 18] 7= 20 ms, N = N, = N, = 10. &MNKHERGESHUNER 1 F 2 Fiok.

NIGUEA ST 3 73 G B o3 A AR TN ] (HDMPC) R G HIA bk, w7 4R vh AUz
il 24t (hierarchical centralized MPC, HCMPC) #{TEAL. 5 HDMPC A K&, HCMPC Zh# 401
J2 R A I I 3, BRI 7 RGBT A — M B T AT 0. kAT
AP, HCMPC K5 HDMPC AH A (¥ H br s ZORT S50

4.1 EBSREFHTEITHERE

] 7 bt X AN B B 95 =F & i HL RS AR KU XUE R RAR 2, L KE M RUEE
R L. E AT BRI T FPASRL TG 5 X B H A IE I B R AU 0 R YRR | R AN AP IR 6 A R
A F2H R RGE AR A 75 100, 47 B TE) A 200 s 17180 4] 7, JEREBRBETE 75~88 MW /em? X [ASFFaAR
b, IREELE 40°C BB sh, MR 74 s B 20 MW 7% F] 18.5 MW, 7E 157 s FRRERTZ F] 16 MW.
K 8 x5 & XMLXGELE 8 m/s B 12 m/s Z [Al/NIER B E L.

PiEARUWE 9 Fion, 7850400 75 R-PRRT, TSR0, TRy E i T4 R R
(1 43 TR ) B [F) 45 F R G R B D28, S RF R F D 2R R A Ay T SR IR~ 4747 5 SR AE 74 s AbIEK
W%, BT XK A WIMARAE, A B, TR AT B E N % K B R G SR AT A L, IRIE R
KT RZGH DA B R, RBARE R ORFR . T RO RFEERRA, 75 115 s &R K H RS
TR HL ZR G ORI 2 AR 020 /2 57 A 75 5K, 81 35 F o R Dh 560 R EAT R 8. 7 157 s
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Figure 7 (Color online) Insolation, PV panel tempera-
ture, and load demand under normal environment condition
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Figure 9 (Color online) Power trajectories of each sub-
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Table 3 The comparison of computer burden and sum squared error (SSE) over the entire simulation

N = Np = N¢ Number of WT HOMPC HDMPC

Computer burden SSE Computer burden SSE

6 5 0.91 0.379 0.523 0.395

10 1.624 0.386 1.007 0.403

8 5 1.243 0.368 0.714 0.379

10 2.286 0.371 1.245 0.382

10 5 1.583 0.364 0.8917 0.372

10 2.9682 0.365 1.6493 0.377

TR AT, HARPI TR 3. R 3 W LG, HOCMPC A HDMPC 7 i S (10 22 1 OR
A, HCMPC 535 B 25 T A S5k ) 189 Ty 224800, i T HDMPC RS R AR 2R A 17 il
Mgt AN R G AT A 1) i, DR L 55 B B 2 SO0 e S 0 in 2 R R n . A () T e 45k
AT R GHH IO, HDMPC HigiH R BT HCMPC 5Hg, TN S, 5 R 414
HisZ, HALSME . HDMPC SEHS /L CRIE R eIk RE 542 ) SEIN k75 T SR 3L 1 ARG 3 o,

4.2 SRFHGRZNTHBEATEITHE

HE P X B T FE A X @B AR T 5 M 53R IK . HhTi BE A /N SE JRA],
W R EURGE SR GRS R Z AR SR L. TR FRI R BH g R FELTE SR 2k A AR A I AR 2R
Sy L D SR AR, MEDMRIERESE . AR e, 1X 48 KOG BN R R Ge it # il R T 1RK
(IR K. T B0 IE A ST A ) SR R G APk, 7R SRR ZV A S 5L R 54T 200 s {7 BLIRIE.
EEFO R Z0 A8 A 1 SR 2% A, B ORI i B AL RS g v . an P 11 B, 200 s N JEIEBRBEAE 70~
92 MW /em? 2 [A1J 3], JEETE 39°Crd2°C Z B, Fff 75 3RTE 67 s B 23 MW Eky& 2| 18 MW, 7E
134 s ETHE] 22 MW. @i 12 fioR, 76 XGE B3 nm it shiE 5, 5 & MHLUXGETE 9~15 m/s Z [A1KIE
).

B T XU AR AR 2 2 S EOXUN ARG T8 A FHL R e 0 308 K, IXUM LR T A L R 1 K 2 7% B g UM L5
FED)Z 53 T2 1 AR B 350 25 RS XN LA A AR U 3 s R A A, SR 20 A sl 4= il B [R) %+ K L R 4t
W R BT R, dEREDh RSP, Al 13 FroR, TEOKBHAE K AN BRI 2 Gufhs 7 SR, JAdek s XU | 21 AR
b S KB L Th 2SN AL FE, 2053 HDMPC ZhE B0 E AL, il 5 2 00 %5 76 i i 2 4
S da R, W 14 PR, RS AR ZVBARER T, AL 1 HDMPC 5#ig 5 HCMPC 5%
iy HH Th R R % DO AR M A2 BT T SR

BRI TS BE SR (conventional energy management strategy, CEMS) J& 1%/ 26 6k & HJ5 X
1R G & A Th R RO AT I, BB B R Gl S tERE T L B e ). i T HDMPC
A HCMPC g (1) Th 243 Bie 2 H AR ek B0h & A R S AR I 7y, 5 7% Ge 1 3) 26 40 Tie S g AR L,
HDMP Al HCMPC 3K B& 51 A 2t B AR 25 R HLZH s A L, e KL Z5 . 0l 15 Fias, H
T HCMPC #1 HDMPC SRR E )26 53 Be 2 % AR R B AR sR £ (22), HARTE FlH 5628 A Dl AR BL (BA
AL 4 ), #8 RALT 5 BT 265y T SR s

5E XU SR OPRAERS: o(T,) = \/ L(T, — T,)°, Horb, L WOTEKE, T, AR ZNIR
AR T, BISFIAME.
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Figure 11 (Color online) Insolation, PV panel tempera-
ture, and load demand under frequently varying environ-
ment condition
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Figure 13 (Color online) Power trajectories of each sub-
system under frequently varying environment condition
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Figure 12 (Color online) The wind speed under fre-
quently varying environment condition
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ries using HCMPC and HDMPC under frequently varying
environment condition
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Table 4 The standard deviation of shaft torque twisting the low-speed shaft in wind turbines

WT CEMS HCMPC HDMPC
WT1 5.52 2.68 2.68
WT2 5.63 2.53 2.54
WT3 5.34 2.41 2.43
WT4 5.51 2.55 2.55
WT5 5.46 2.47 2.48

o4 LR T AN R
W, JXUHTLATLRE PR 31 30 B A i)~

RS N AL IE LA ARl 22, SR HDMPC #1 HCMPC ) D3R 43 fid 5
H T X1 R B R Geis A7 b R v e e 2 38 21 RS LRI Z s I, B 2L
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Hierarchical distributed model predictive control of hybrid wind
and solar generation system
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Abstract Distributed networked generation (DNG), which incorporates renewable energy and clean energy into
information networks, has become increasingly important for modern power systems. In DNG, wind power and
solar power generation are considered as intermittent systems with multiple constraints. The coordinated opti-
mization of the wind power and solar power generation can effectively meet the load demand while guaranteeing
the safety of power grids by reducing the wear and tear of generating units and prolonging the lifetime of grids.
This study aims to construct a hierarchical distributed model predictive control (HDMPC) for large-scale, ge-
ographically dispersed wind-solar power generation systems. In HDMPC, the upper layer utilizes an iterative
distributed control strategy to coordinate the power dispatch. Thus, it attains economic objectives, including the
reduction in the torsional shaft torque transmitted to the gearbox in the wind turbine system and the genera-
tion cost. The lower layer utilizes the supervisory predictive control to realize economic and tracking properties.
HDMPC enables the plug-and-play of distributed energy through the coordinated optimization of subsystems.
Simulation experiments validated the advantages of the proposed method, which can meet the demands of safe,
reliable, highly efficient, flexible, and interactive microgrid controlling.

Keywords hybrid wind and solar generation system, hierarchical control, distributed model predictive control,
wind power generation, solar power generation
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