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ABSTRACT This paper firstly proposes a nonlinear dynamic model of a combined heat and power (CHP)
unit with absorption heat pump (AHP) and bypass systems, the unknown parameters are determined based
on design data and perturbation test. Simulation results show that the model can reveal the couplings of
AHP and bypass systems to the CHP unit, and provide model support for controller design. On the basis of
the model, this paper further proposes a deep peak regulation control strategy, in which, the generalized
predictive control algorithm with feedforward-feedback structure is adopted to fundamentally solve the
control problems of large delay and inertia on the boiler side, and overcome known disturbances on the
turbine side; the ratio of the first stage pressure to the exhaust pressure from high pressure cylinder is adopted
to control the high pressure bypass. The deep peak regulation process is divided into two stages: 1) CHP and
AHP are used for heating when their heating capacity can meet the heat load requirements of residents,
2) as the unit load is further reduced, bypass mode is activated for heating when the steam flow entering the
low pressure cylinder is lower than its cooling flow. Simulation results show that the strategy can meet the
heat load requirements of residents and ensure the safe and stable operation of the turbine when the unit is
in deep peak regulation condition.

INDEX TERMS Combined heat and power unit, absorption heat pump, bypass heating, dynamic model,

deep peak regulation control.

I. INTRODUCTION

In recent years, with the support of policies [1], [2],
the installed capacity of wind power has been growing rapidly
in China [3], however, the phenomenon of abandoning wind
power is serious [4], especially in northeast China [5]. The
main reason lies in the scarcity of power supply that can par-
ticipate in deep peaking, such as hydropower and condensing
power [6]. Instead, there are many combined heat and power
(CHP) units in these area, but these units need to balance the
heat load requirements of residents. In this case, CHP units
are prone to excessive power generation when the electrical
load demand is low, thus making the space for wind power
integration insufficient. Obviously, if the “ordering power by
heat™ constraint of CHP units is decoupled during this peri-
ods [7], the power generated by CHP units can be reduced,
in this case, huge grid-connected space can be created for
wind power. Consequently, decoupling the constraint of CHP
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units is an important way to solve the problem of wind power
consumption in northeast China.

The main methods to decouple the constraint of CHP units
are absorption heat pump (AHP) [8], [9], bypass [10], electric
boiler) [11]-[13], heat storage tank [14], [15], low pressure
cylinder (LPC) removal [16], high back pressure [17], etc.
This paper mainly study a CHP unit with AHP and bypass
systems. Driven by steam, AHP can recycle the waste heat
from the circulating water and heat the return water. Since
the low-grade heat source is used for heating, the energy-
saving effect of the AHP is remarkable. Bypass supplies heat
by reducing the parameters of high-grade heat sources, which
will cause certain energy loss. Since the bypass heating mode
deviates from the design condition of CHP units, which may
increase the component loss and affect the service life of CHP
units during long-term operation.

Currently, scholars at home and abroad have done a lot of
research on the above two methods, but mainly focuses on
efficiency and scheduling. In terms of efficiency, [18] pro-
posed a new waste heat recovery scheme based on AHP,
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which provides a theoretical basis for the design of CHP
units with AHP. Reference [19], [20] analyzed the heating
performance of an AHP, clarified the change and distribu-
tion of energy during heating, and proposed a new CHP
system. Results show that the new system can improve the
efficiency and reduce the energy consumption. In terms of
scheduling, [21] proposed a scheduling model for a CHP
unit based on heat transfer principle. This model can adapt
to the situation that the CHP unit deviates from the design
condition. Reference [22] described a tractable integrated
heat and electricity dispatch model, this model focuses on the
thermal inertia characteristics of pipelines and buildings to
increase flexibility.

In summary, the research on modeling and deep peak regu-
lation control of CHP units is insufficient, especially for CHP
units equipped with AHP and bypass systems. Therefore,
this paper firstly proposes a nonlinear dynamic model of a
CHP unit with AHP and bypass systems, gives the method
for determining the unknown parameters, and verifies the
effectiveness of the model. Based on the model, a deep
peak regulation control is proposed based on generalized
predictive control algorithm. Simulation results show that the
strategy can achieve deep peak regulation of the CHP unit.

The paper is organized as follows. Section 2 introduces
the working principle of a CHP unit with AHP and bypass
systems, proposes a nonlinear dynamic model of the CHP
unit, designs and verifies a deep peak regulation control
strategy for the CHP unit. Section 3 elaborates conclusions.

Supply water pipe

FIGURE 1. Working principle of a CHP unit with AHP and bypass systems.

Il. MODELING, CONTROL AND ANALYSIS

A. WORKING PPRINCIPLE

As shown in FIGURE 1, in addition to the extraction heating
mode, the CHP unit has also been improved to some extent.
Firstly, a bypass heating system is added. Part of main steam
is desuperheated and decompressed by high pressure bypass
(HPB), and then mixed with the exhaust steam from the
high pressure cylinder (HPC), the mixed steam is sent to the
reheater for reheating. After reheating, part of reheat steam
is further desuperheated and decompressed by low pressure
bypass (LPB) and mixed with the extraction steam from
the intermediate pressure cylinder (IPC), this mixed steam
is actually prepared for heating. Part of the heating steam
is used as the driving steam to enter the AHP, while the
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other part of the heating steam directly enter the heater for
heating. Secondly, an AHP heating system is added. Driven
by the steam, the heat consists in circulating water can be
recycled by AHP heating system, the recycled heat is then
used to heat the return water initially. After the initial heating,
the return water is divided into two parts: one part enters the
heater to continue absorb heat, thereby further increasing
the temperature of return water; the other part directly enters
the header for mixing, so that the temperature of the mixed
water can meet the heat load requirements of residents.

For bypass system [10], the steam flows into the cold
section of the reheater increases with the opening of the HPB
valve, since the resistance of the reheater remains unchanged,
more steam flows through the reheater, resulting in the dif-
ferential pressure of the reheater to increase. If the LPB valve
is not opened in time, the exhaust steam pressure from HPC
will be increased rapidly. Since the temperature and pressure
of the steam are coupled, the exhaust steam temperature
from HPC will also be increased. Excessive pressure and
temperature of exhaust steam will cause changes in the flow
characteristics of the HPC, as a result, the balance of the
original axial thrust will be broken. In this case, the strength
of the final stage blades for the HPC will also be affected.
Therefore, it is necessary to open the LPB valve timely to
ensure that the exhaust parameters from the HPC is within a
reasonable range.

For AHP systems [23], it is necessary to raise the back
pressure of CHP units to 7kPa to ensure that the temperature
of circulating water can meet the design parameters of AHP
systems. Since the increase of the back pressure directly
increases the cooling flow of the LPC, the heating capacity of
the CHP units transformed by AHP systems will be reduced,
especially under low load conditions, the situation that the
AHP heating mode and the extraction heating mode cannot
be put into operation at the same time may occur. That is: the
extraction heating mode may not be able to put into operation
when the AHP has been put into operation, which is due to the
limitation of the cooling flow for the LPC; the same reason,
the back pressure of CHP units may not be able to raise when
extraction heating mode is put into operation, as a result,
the temperature of circulating water will be insufficient for
normal operation of AHP systems.

B. DYNAMIC MODEL

1) MODEL STRUCTURE

Currently, the boiler model is relatively mature [24], [25],
but the model with bypass systems has not yet appeared.
Therefore, this paper firstly improves the boiler model, the
improved model includes a pulverizing system model
(Eq.(1)), adrum model (Eq.(2)), and a main steam pipe model
(Eq.(3)) and a reheat steam pipe model (Eq.(4) and Eq.(5)).

dq

de—tf = —gr+qpt—71) 1)
d
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d,

€, = = Dy — 100K7p, — Ksprul™® @)
D, = KsKap;u; — KeKapul™™® )

where ¢, is coal feed flow, t/h; gy is the amount of coal
entering the boiler, t/h; 7 is the delay time of the coal feeder, s;
Ty is the inertia time of the coal mill and the separator, s; Cp, is
the storage coefficient of steam drum, (t/h-s)/MPa. p;, is the
drum pressure, MPa; p; is main steam pressure, MPa; C; is
the storage coefficient of main steam pipe, (t/h-s)/MPa. u; is
the position of main steam valve, %; u!’"® is the positon of
HPB valve, %; C, is the storage coefﬁclent of reheat steam
pipe, (t/h-s)/MPa; D, is the reheat steam flow, t/h; p, is the
reheat steam pressure, MPa; uLP B is the positon of LPB valve,
%; T, Tr, Cp, Cy, C; are dynamlc parameters that need to be
determined, K7, ..., Kg are static parameters that need to be
determined.

The ratio of the first stage pressure to the exhaust pressure
from HPC is a parameter that needs to be monitored when
bypass heating mode is put into operation (Eq.(6)).

RHPC _ IOOthpt (6)
Dr

The saturation temperature of water in the heater reflects
the balance between a) the heat consists in exhaust steam from
IPC, the heat consists in the steam generated by the LPB and
b) the heat entering the LPC, the heat entering the heater. Thus
the saturation temperature of water in the heater is selected as
a state variable. Thus, the model of heater is as show in Eq. (7)
and Eq.(8).

A HTRY O _ QHTR _ 1 gRe, (GHTR _ gHTR) (7)
" ar 3600 7n P ’
AGHTR — GHTR _ gHTR @)
o
where MHTR is the temperature-based storage coefficient

of the heater, MJ/°C; 0HIR is the saturation temperature of
water in the heater, °C QHTR is the heat released by the
steam entering the heater, MJ/s; qHTR is the return water flow
entering the heater, t/h; ¢, » is the specific heat capacity of
the return water, MJ/(t-°C); AGHTR ig the terminal difference
of the heater, °C; 6/1R is the outlet water temperature of
the heater, °C; GZ-HTR is the inlet water temperature of the
heater, °C.

Since there is a large inertia and delay in the transmission
process of TR 9HIR j5 not suitable to be taken as a state
variable. For this reason, [10] fits 02/7R as a linear function
of p’P C (Eq.(9)). Assume that the terminal difference of the
heater AGTR = 10°C, then the outlet temperature of the
heater is as show in Eq.(10).

eza?R — 95, SpIPC
9£1TR

103.38 )
95.5pF€ 1 93.38 (10)

Substitute Eq. (9) and (10) into Eq. (7), take ¢y, =
4.1882 MJ/(t-°C), then, the following equation can
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be obtained:

dp'P¢ 4.1882
93 3M; ptgt =0~ o0

x qi™R(95.5pIPC — TR 1 9338)  (11)

Let C{fTR = 95.5M,7TR, then:

4.1882

3600
x qf"™®(95.5p1¢

CHTR dl’o

HTR __
dt =0

—0MTR 1. 9338) (12

The heat released by the steam entering the heater QI,;ITR
is actually related to the enthalpy of exhaust steam from
the IPC, the saturation enthalpy of water in the heater,
and the steam flow entering the heater. Therefore, the heat

released by the steam entering the heater QI;;ITR can be
calculated as:
1
QHTR _ 00 DHTR( IPC _ HTR) (13)
DHIR — 100K9K7p, + K1oKsp,u-'®
_ K“plPC LPC _ g, pIPC AHP (14)

where DhHTR is the steam flow entering the heater, t/h;
h'PC is the exhaust enthalpy steam from IPC, kJ/kg, h/PC =
2992.85 kl/kg; hHTR is the saturation enthalpy of water in the
heater, kJ/kg, Wthh can be fitted by plP ¢ (Eq.(15)); ulLP € inlet
valve position of LPC, %; uAH P is the inlet valve position of
AHP, %.

RATR — 436.62pPC + 421.03 (15)

The coefficient of performance (COP) is a key parameter
reflecting the performance of AHP, which can be defined as
follows:

w
cop=2 _ &~
w w
where Q; is the heat output from AHP, MW; Q> is the heat
absorbed from circulating water, MW; W is the heat released
by driving steam, MW; 0> and W can be calculated according

to Eq. (17) and (18) respectively.

0 = 36OOqAH”cpx(9A-HP

W = DAHP( hiPC —
3600
where gAH is the circulating water flow, t/h; 0447 is the

Cl
inlet temperature of circulating water, °C; G?OH P is the outlet

(16)

— gAHP) (17)

AP (18)

temperature of circulating water, °C; DZ‘HP is the driving
steam flow, t/h; WP is the saturation enthalpy of water in
AHP, klJ/kg. Based on the design parameters of the AHP
(TABLE 2), Q>, W and COP can be calculated: Q, =
21.72MW, W = 32.035MW, COP = 1.68.

Assume that the COP of the AHP is unchanged during
operation, then the heat transfer process of AHP can be
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described as show in Eq.(19), in this case, the outlet temper-
ature of heating water can be obtained (Eq.(20)).

DAHP( hIPC hIPC )x COP = qAHP o, X(QAHP _ Q;lmp) (19)
1.68 DAHP( hIPC — hlPC)

GZ\HP AHP
? qc HPCP,X
(20)
where Q,ﬁ‘iHP is the inlet temperature of heating water, °C;
9;?({113 is the outlet temperature of heating water, °C.

In actual application, the heating water output from AHP
is divided into two parts, one part of the water enter the
heater for further heating, while the other part of the water
enters the heating water header. These two parts of water are
mixed in the header. Ignoring the change in the specific heat
capacity of the water, the temperature of the mixed water can
be calculated as show in Eq. (21).

HTRQHTR + (9000 quTR)GAHP
9000

where, 0,y is the temperature of mixed water, °C; qH TR is the
water flow further heated by the heater, t/h, considering that
the total amount of heating water of the CHP unit is 9000t/h,
then the water flow into the header is 9000 — ¢i"®, t/h; 9HTR
is the outlet water temperature of the heater, °C; 9,‘:‘01’13 is the
outlet temperature of heating water from the AHP, °C.

The power generated by each pressure cylinder are basi-
cally same as their internal power. Ignoring the heat loss of
each pressure cylinder, the internal power of each pressure
cylinder can be calculated according to Eq.(22).

2D

emix =

n
NfC — D{’C(hlPC _ hgc) _ ZD5C(k)(h(I:C(k) _ hSC)
k=1
(22)

where D}D € is the inlet steam flow of each pressure cylinder,
t/h; hf € is the inlet steam enthalpy of each pressure cylinder,
kJ/kg; hP C is the exhaust steam enthalpy of each pressure
cylinder, kl/kg; D Pc(k) is the kth extraction steam flow of
the pressure cyhnder t/h; hPC(k) is the kth extraction steam
enthalpy of the pressure cylinder, kJ/kg; n is the number
of extraction of each pressure cylinder. All parameters in
Eq. (22) can be found in the thermal equilibrium diagram
(TABLE 3, TABLE 4 and TABLE 5).

Based on the calculation results, the relationship between
internal power of each pressure cylinder and their inlet steam
flow can be fitted as show in Eq. (23)-(25), and the total power
output of the CHP units can be calculated as show in Eq.(26).

NIPC = 85.245DPC 1+ 9318.5 (23)
NIPC = 151.43DIPC —7170.1 (24)
NP = 191.62D1PC — 6534.9 (25)
dN,
i~ = N+ (VPO HNPCHNFO) x 1070 26)
where, NPC NIPC and NLPC are the internal power of HPC,

IPC, and LPC, kW; DlH P C, Dll.P C and DiLP C are the inlet steam
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flow of of HPC, IPC, and LPC, t/h, which can be calculated as
Di_’-IPC — Kspour, DI(PC — 100K7p,, Dl_LPC K pIPC lLPC
N, is the total power output of the unit, MW; T; is the inertia
time of turbine, and is a unknown parameter that need to be
determined.

In summary, the proposed model is as follows:

dqy
Tr—L = — r—
I qr +qp(t — 1)
dpp
wa = Kiqr — Kon/Db — Pt
dp
C,d—t’ = Kav/P» — Pt — Kapruy — Kapul8
d 27
€, =% = Dy = 100Ksp; — Ksprul™ @D
CHTde{f’C _ e 41882
b g h 3600
gTR(95.5p!PC _ gHTR 4 93 38)
dN,
Ti—¢ = =N+ N'C+ NPC+ NEP€) < 107
where
D, = KsKspsu; + KeKapul™,
QHTR — 36OODHTR(hIPC hIS’{TR)
D}I™ = 100KoK7p, + KioKsprul"® — Ky plFCulFC
_ KlszPCuAHP
GAHP — 168D (P — hi[®) + gAHP
0 q;:HPCpx
giROETR 1 (9000 — TR )gA”
emix = s
9000
RHPC _ 1OOM[p[
Dr
NHPC — §5245DHPC 1 9318 5,
N/PC€ = 151.43DIFC — 7170.1,
NEPC = 191.62DEPC — 6534.9, DIFC = K3pou,,
DZ{PC — 100K7Pr, DLPC _ Kl 1pIPC LPC

DZ}HP _ K]szPCuAHP

The input of model are gp, u;, u lHPB, LPC MAHP QAHP and
qf{TR the output of model are p;, N, and Gmlx, the unknown
parameters that need to be determined are K, . . ., K12, 7, Ty,

Cp, C;, Cp, C,?TR and T;.

2) PARAMETER DETERMINATION

On the basis of the design parameters of the unit (TABLE 6),
the unknown static parameters K; to K> can be calculated
as show in Eq.(28) -(40), where the subscript RG represents
rated generation condition and RH represents rated heating
condition.

D()

qb(RH) = qb(RG) Dy (28)
t
D
K, = Duen) 29)
db(RH)
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Ky = — DR 0
Pb(RH) — Pt(RH)
D D
K3 = IRH) t(RH) a1
prrEUrE)  100p1(RE)
DHPB
pt(RH)Mi(RH)
D
Dy re)
HPB
Dilki + ik
Ko = —— s (34)
Dirr)
Ky = DG 55
100p;rH)
DLPB
Ky = — 8D G6)
pr(RH)Mi(RH)
PC [PC HTR
Ko = Doy DZ(RH) + Diyri) -
DrrG) D (rG)
LPB LPB
Ditkery + dirt)
Ko = —"prms (38)
i(RH)
LPC LPC 1PC
K1 = D’(RH ) — Dl(RH) _ Ditrm
Ui B - LPC
z(RH)po(RH) 100 ;;Rcm P%?H) 100piirer
(39)
136.98
12 = ~IpC AHP (40)
piPCut

The dynamic unknown parameters of the model can to be
obtained by perturbation test. Considering that the parameter
T¢, T, Cp, T; of the same type of unit have been studied in [26],
this paper directly refers to them, thatis Ty = 120s, T = 135s,
C, = 160MIJ/MPa, T; = 12s. The storage coefficient of drum
and main steam pipe are generally determined by perturbation
test of main steam valve. During the test, the drum pressure
and the main steam flow are recorded, and the total storage
coefficient can be calculated as follows:

& _ Jo 1D = DiONdr 1/h-s
O —pp(t)) MPa

The total storage coefficient obtained by the test C, =
5308(t/h-s)/MPa. The storage coefficient of the drum
accounts for 90% of the total storage coefficient, while that
of main and reheat steam pipe accounts for 10% of the
total storage coefficient. Assume that the storage coeffi-
cients of the main steam pipe and the reheat steam pipe
account for 5% respectively, then the storage coefficient
of the drum Cp, = 4777.2(t/h-s)/MPa, that of main steam
pipe C; = 265.4(t/h-s)/MPa, and that of reheat steam pipe
C, = 265.4(t/h-s)/MPa. In summary, the model parameters
obtained in this paper are shown in TABLE 1.

(41)

3) MODEL VERIFICATION
The parameters of the initial conditions are: the coal feed flow
is 217.25t/h; the position of main steam valve is 83.16%;
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TABLE 1. Model parameters of the CHP unit.

K, =5.7131 K,=1.1914 K, =14.4375 C,=2654
K,=1800.1323 K,=2.3257 K, =5.591 C,=265.4
K,=0.7512 K =0.5637 =15 /"™ =160
K,=0.1050 K,=0.8447 T, =120 T=12
K, =0.8246 K,,=1.1785 C, =4777.2

the inlet valve position of LPC is 32.4%; the total power
output of the unit is 256.29MW; the main steam pressure
is 16.7MPa; the exhaust pressure from IPC is 0.49MPa;
the extraction steam flow for heating is 500t/h, of which,
397.265t/h of steam enters the heater, 102.735t/h of steam
enters the AHP systems; the temperature of return water is
40 °C; the total flow of return water is 9000t/h, 2859.50t/h of
the water enters the heater for further heating, 6140.50t/h of
water enters the header for mixing.
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FIGURE 2. Dynamics of the model (l).

FIGURE 2 shows the output of each controlled variable
when ¢p, u; and uHP B are changed. It can be seen from the
figure that: 1) since the response rate of the boiler is slow,
there is different degrees of inertia and delay in response of
pt, No and Oix When g, decreases by 10%, especially for that
of Onmix; 2) the p; drops rapidly and stabilizes at the new state
when u, increases by 10%, the N, and 6Oyx return to their
initial state after a small overshoot, which is due to the short-
time release of the boiler energy storage; 3) since the opening
of uHP B reduces the amount of steam entering the HPC,
the power output of the unit N, is reduced. The reheat steam
pressure is increased simultaneously during the opening of
ulH PB further increasing the saturation temperature of exhaust
steam from IPC, assume that the erminal difference of the
heater is constant, then the outlet of water temperature from
the heater is increased, eventually leading to an increase in
the temperature of the mixed water.

FIGURE 3 shows the output of each controlled variable
when ut?B| 4P and uHP are changed. It can be seen from
the flgure that 1) since the opening of the uLP B reduces the
amount of steam entering the IPC, the power output of the
unit is decreased, but at the same time, the amount of steam

VOLUME 8, 2020



Y. Gao et al.: Research on Modeling and Deep Peak Regulation Control of a CHP Unit

IEEE Access

@u %) (bl (%) (0u %)
20! 36 38
m_l 34J 36
0 32 34 -
16500 1000 1500 0500 1000 1500 0500 1000 1500
1674 ) 300 1000 15
3 16.72 ‘
= 16.7 16.7 16.7
= 1666 1902 16,65
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
~ 264
z 260m) oo (7 Sl
Z° 250 260 -
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
o 885 87.8]
S, 88 ' x7,4-| 87.8
<= 875 87

0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
us) 1(s) 1(s)

FIGURE 3. Dynamics of the model (1I).

entering the heater is increased, thereby increasing the out-
let water temperature from the heater; 2) since the opening
of the u!.“PC increases the amount of steam entering the LPC,
the power output of the unit is increased, but at the same
time, the amount of steam entering the heater is decreased,
thereby decreasing the outlet water temperature from the
heater; 3) since the decrease of ulAHP increases the exhaust
pressure from the IPC, thereby allowing more steam to enter
the LPC and the heater, as a result, the power output of the

unit and the temperature of the mixed water are increased.

@0}"°0) (b, (%)
3000
40
I I R
2500 -
0 500 1000 1500 0 500 1000 1500
g 167 1672
S 16— 167
= 16.68 ) 16.68
0 500 1000 1500 0 500 1000 1500
= 264 _ ]
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o 876 &8
% 872 87 ‘ |
= 86.8 86
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t(s) t(s)

FIGURE 4. Dynamics of the model (1lI).

FIGURE 4 shows the output of each controlled variable
when GI’ZHP and qETR are changed. It can be seen from the
figure that: 1) the exhaust pressure from the IPC is decreased
when 9;’?[’{ P is decreased, thereby making the amount of steam
entering the LPC decrease, as a result, the power output of the
unit is decreased; since the heat absorbed from the steam is
substantially constant, the decrease of 9;3.HP decreases Opix; 2)
the decrease of qETR decreases the extraction steam pressure
from the IPC, thereby making the amount of steam entering
the LPC increase Cj, as a result, the power output of the
unit is increased; since the heat absorbed from the steam is
decreased, the temperature of mixed water is decreased.
FIGURE 5 shows the output of D#PC, DIFC and RFPC
when ufiP B and u{‘P B are changed. It can be seen from the
figure that: 1) the increase of ulHP B decreases the inlet steam

VOLUME 8, 2020

(@) (b))

40 40

20 20/

0 0

0 500 1000 1500 0 500 1000 1500
1050 1044

1000\ 10431

950 10421

0 500 1000 1500 0 500 1000 150
880

870
860

T

(th)

D:IP(_

860
8201
780

(t/h)

)

D:J’L'

0 500 1000 1500 0 500 1000 1500
421 4.6/
g 4| 44
= 38 42
0 500 1000 1500 0 500 1000 1500

1(s) t(s)

FIGURE 5. Dynamics of the model (IV).

flow of the HPC, but increases the inlet steam flow of the
IPC, considering that the axial thrust of cylinders is generally
proportional to their steam intake, the balance of the original
axial thrust will be broken. Besides, the increase of ufqP B
decreases the RPC, which will make the exhaust steam
pressure and temperature from the HPC increase, in this case,
the strength of the final stage blades of the HPC will be
weakened. 2) the increase of u{‘P B decreases the inlet steam
flow of the IPC, in the same way, the balance of the original
axial thrust will also be broken. Besides, the increase of
ubPB increases the R?PC, which will make the exhaust steam
pressure and temperature from the HPC decrease, in this case,
the strength of the final stage blades of the HPC will also be
weakened. Therefore, it is necessary to coordinate the ufqP B
and ul.LP B to ensure the safe and stable operating of the CHP
unit.

C. CONTROL STRATEGY

The design and transformation of the CHP unit’s main and
auxiliary equipment are the basis for improving its flexibility,
and deep peak regulation control is the key. Considering
there is large delay and inertia in boiler pulverization and
combustion, the traditional PID control algorithm cannot
fundamentally solve the control problem of such system.
Therefore, this paper takes the predictive control algorithm as
the core to design the deep peak regulation control strategy.
In order to overcome the effect of known disturbances on the
control system, the generalized predictive control algorithm
with feedforward-feedback structure is adopted in this paper.
The control law is solved in a stair-like manner to avoid the
irreversibility of the matrix and ensure the real-time perfor-
mance of the algorithm. The specific control algorithm and
strategy are as follows:

1) PREDICTIVE CONTROL

Consider the following controlled autoregressive integrated
moving average model [27], [28]:

A (q—l) y(t) =B <q—1) u(t—1)+C (q_l) v —1)

-1
+D(q )E (1)

A (42)
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where, A (¢7'), B(¢7"), C (¢7"') and D (¢7") are n, np, nc

and ng order polynomials of g, respectively; y (¢) is the

output of the system; u (¢) is the input of the system; v (¢) is

the feedforward of the system for decoupling; & (¢) is the

white noise; A is the difference operator, A = 1 — q_l.
Introducing a Diophantine equation:

1=E (g )a(a)a+a7F(a") @)

where, E; (qfl) = ejo + ej,lq*I + -+ ej,j_1q7("71),
Fj (6171) =fi0 +J§',16171 +- A+ fing "

After solving the Diophantine equation, the prediction
model can be written as:

y=GAu+f (44)
where,
[t + Nl Au (1)
s=| | s s ,
| Yt + N2|) Au(t+N,—1)
[ f, (0)
r=|
L/, (0

Adopt a stair-like manner so that Au () =6, Au(t +j) =
BAu(t +j— 1) = p/4, then,

Au() = (Au@), Au(t+1), -, Au(t +N, — )T
= (3,}35’ ... ,ﬂNu—lg)T - (1, B, "BNu_l)Ta’
and the prediction model in Eq. (44) can be written as:
§=Gs+f (45)

where, G = G (LB, -, ﬁNu_l)T'
Assume that the objective function:

Ny Ny
J=Y w+)—y+pP+21)_[Au+j—DP
J=N1 J=1

(46)

where, w is the softening set point of the system; N is the
starting value of the prediction horizon; N, is the end value
of the prediction horizon; N, is the control horizon; A is the
control weight.

Based on the prediction model in Eq. (45), the objective
function can be written as:

mainJ = (68 +f - w)T (GS +f - w)

£ (148 4+ p2D) 82 47)

Minimize the function % = 0, the control law can be
obtained as:
~T
G _
P — w—f) 48)
G G+ (14 B2+ -+ p2Nu=D)
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FIGURE 6. Diagram of the deep peak regulation control strategy.

2) STRATEGY DESIGN

Based on the generalized predictive control algorithm, a deep
peak regulation control strategy is designed as shown in
FIGURE 6. This strategy includes a GPC controller for main
steam pressure, five PID controllers for unit load, high pres-
sure bypass, low pressure bypass, heating extraction, absorp-
tion heat pump respectively, the strategy of each controller
is as:

Main steam pressure GPC controller: 1) the static feedfor-
ward from N,y is a linear function that converts N,y into
coal feed flow roughly, which is used to quantify coal feed
flow during load changing process; 2) the dynamic feedfor-
ward from AGC and N, (sp) is mainly used to pre-regulate coal
feed flow, thus overcoming the problem that the feedback
adjustment of the controller is slow in the initial stage of
load changing process; 3) the known disturbance feedforward
from u; and ulHP € is mainly used for the decoupling control of
the unit, so as to facilitate the utilization and supplementation
of the energy storage timely. The main steam pressure is a sig-
nal that can represent the energy balance between the boiler
and the turbine, therefore, p; is selected as the controlled
variable.

Unit load PID controller: this controller is generally inde-
pendent in the DEH system and is mainly used to track the
grid load command. Therefore, N, is selected as the con-
trolled variable.

High pressure bypass PID controller: the exhaust steam
pressure from HPB should track the exhaust steam pressure
from HPC when the HPB is put into operation, but these
two pressures are coupled, the increase of the exhaust steam
pressure from HPB will increase the exhaust steam pressure
from HPC, in this case, positive feedback control will occur
and the safe operation of the turbine cannot be guaranteed.
The ratio of the first stage pressure to the exhaust pressure
from HPC is a constant during load changing process, if this
ratio is kept within a certain range, the safe operation of the
turbine can be guaranteed. Therefore, RHAPC g selected as the
controlled variable.
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Low pressure bypass PID controller: the extraction steam
flow cannot meet the heat load requirements of residents
when the unit is in the deep peaking condition, in this case,
the low pressure bypass can be opened to compensate for
heating. Therefore, Oy« is selected as the controlled variable.
It should be noted that the heat pump can only be put into
operation normally if the back pressure of the unit is increased
to 7kPa. In this case, the minimum cooling flow of the LPC
is 180t/h. Since the cooling flow is the key to ensure the
safe operation of the LPC, this paper assumes that the depth
peaking signal (Flag) is triggered when DlLé;vC) < 200t/h.

Heating extraction PID controller: the heating capacity
of extraction steam can meet the heat load requirements of
residents when the unit is in the high load condition, in this
case, the steam flow entering the LPC is generally higher than
its cooling flow. However, the heating capacity of extraction
steam may not meet the heat load requirements of residents
when the CHP unit enters the low load condition, in this
case, the steam flow entering the LPC may be lower than the
cooling flow. Based on the analysis, the heating extraction
PID controller actually includes two control loops, one of
which controls the heating water temperature (fpix) in the
high load condition, and the other loop controls the steam
flow entering the LPC (Dl.LP C), so as to ensure the safe and
stable operation of the LPC.

Absorption heat pump PID controller: this controller is
relatively simple, as long as it operates under the design
parameters, its heating efficiency can be guaranteed. There-
fore, G,ﬁHP is selected as the controlled variable.

3) CONTROL VERIFICATION

During the simulation, the sampling time is 1s, the ramp
rate is 6.6MW/min (2% Pe/min). The parameters of the main
steam pressure GPC controller are: Ny = 70, N = 100,
N, = 10, A = 0.01, « = 0.98, 8 = 70; the parameters
of the unit load PID controller are: Kp = 5, K; = 0.01;
the parameters of the high pressure bypass PID controller
are: Kp = 5, K = 0.4; the parameters of the low pres-
sure bypass PID controller are: Kp = 6, K; = 0.2; the
heating extraction PID controller includes two control loops,
the parameters of control loop for 6pix are: Kp = 0.1, Kj =
0.05, the parameters of control loop for Dl.uD Care: K p=0.5,
K; = 0.01; the parameters of absorption heat pump PID con-
trollers are: Kp = 8, K; = 0.04. The simulation results are
shown in FIGURE 7, FIGURE 8, FIGURE 9, FIGURE 10
and FIGURE 11.

FIGURE 7 shows the curve for each controlled variable.
It can be seen from the figure that: each controlled variable
can closely track its set point, which shows that the con-
trol system can adapt to changes in conditions. The mixed
water temperature can still be maintained at the design value
of 91 °C when the CHP unit enters the low load condition
(180MW) (FIGURE 7 (¢)). Assuming that the minimum load
output of the CHP unit without AHP and bypass systems is
230MW, then this deep peak regulation control can free up
50MW of grid space for wind power.
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FIGURE 9. Heating extraction controller.

FIGURE 8 shows the curve for each control variable.
It can be seen from the figure that the overshoot and fluc-
tuation of coal feed flow are small, the coal feed flow can
stabilize at a new state rapidly (FIGURE 8 (a)). Since the
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TABLE 2. Design parameters of an AHP.

Serial number Items Symbol Unit Value
1 Heating capacity Nt MW 53.000
2 heating water flow entering the AHP q,f(',f;, ) t/h 2000.000
3 Inlet temperature of heating water Oricrrny °C 40.000
4 Outlet temperature of heating water Oroierry °C 62.930
5 Circulating water flow entering the AHP 9 t/h 2333.330
6 Inlet temperature of circulating water O, °C 38.000
7 Outlet temperature of circulating water [ °C 30.000
8 Drive steam pressure Piikn MPa 0.150
9 Drive steam flow Dl t/h 45.660

TABLE 3. Statistics on parameters of HPC.

Inlet steam Exhaust . . . 2st extraction
Conditions lglet stez}ilm enthalpy enthalpy lstﬂ extrac}?on 1s}t1 ?xtral((:tl(])(n 25;] extrac}tllon enthalpy
ow (t/h) (k/kg) (kI/kg) ow (t/h) enthalpy (kJ/kg) ow (t/h) (k/ke)
100%Pe 997.56 3396.9 3040.0 72.6 3157.1 69.92 3040.0
75%Pe 722.00 3432.7 3055.2 45.18 3172.7 44.43 3055.2
50%Pe 483.83 3464.9 3068.9 25.99 31894 25.21 3068.9
40%Pe 400.01 3466.3 3073.2 20.27 3196.3 19.22 3073.2
30%Pe 314.66 3464.2 3077.8 14.87 3203.8 13.68 3077.8
Rated extraction 1043.26 3396.9 3050.0 81.20 3173.7 74.34 3050.0
Max extraction 1100.00 3396.9 3060.9 87.99 3187.2 79.65 3060.9

sliding pressure operation mode is adopted in the simula-
tion, the steam flow entering the turbine can decrease nat-
urally with the decrease of main steam pressure, therefore,
the main steam valve is maintained at a higher opening degree
(FIGURE 8 (b)). Since the heating capacity of extraction and
AHP can meet the heat load requirements of residents when
the unit is in the high load condition, the opening of uiLP ¢
is reduced during the first load reduction process. However,
as the unit load is further reduced, the heating capacity of the
extraction and AHP cannot meet the heat load requirements,
in other words, the steam flow entering the LPC has been
below the cooling flow, in this case, uiLP C needs to ensure that
the steam flow entering the LPC is higher than its cooling
flow, therefore, the opening of uiLP C is not further reduced
(FIGURE 8 (¢)).

FIGURE 9 shows the tracking and bumpless switching
of heating extraction controller. The peaking signal (Flag) is
triggered when the steam flow entering the LPC is lower than
200t/h (FIGURE 9(a)), and then the control loop for Gyx is
switched to the control loop for D{‘P ¢ (FIGURE 9(b) and (¢)).
The cooling flow can always be kept above 180t/h, therefore,
the control system can ensure the safe and stable operation
of the LPC (FIGURE 9(c)).

FIGURE 10 shows the tracking and bumpless switching
of high and low pressure bypass controllers. As the unit
load is further reduced, the heating capacity of the extraction
and AHP cannot meet the heat load requirements. In this
case, the peaking signal Flag is triggered (FIGURE 10(a)),
the bypass system is put into operation. In the bypass heating
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FIGURE 10. High and low pressure bypass controllers.

mode, the low pressure bypass controller is switched to con-
trol Omix, and the high pressure bypass controller is switched
to control R7PC_ There is a certain range of fluctuations in
Omix, but it can meet the requirement of engineering appli-
cations (FIGURE 10(c)). Compared with the curve of uiLP B
that of u{ip B is smoother and more stable, thereby, the effect
of HPB on main steam pressure is weakened.

FIGURE 11 shows the curves of the controlled and control
variables of the AHP. It can be seen from the figure that the
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TABLE 4. Statistics on parameters of IPC.

Inlet Inet Exhaust 3th 3St, 4% extraction flow (t/h) 4th. Sth Sth.
Conditions steam steam enthalpy  extraction extraction To extraction extraction extraction
enthalp enthalpy To turbine enthalpy enthalpy
flow (t/h) (kJ/kg) flow (t/h) deaerator flow (t/h)
(kJ/kg) (kJ/kg) (kJ/kg) (kJ/kg)
100%Pe 829.81 3536.1 3020.2 37.9 3331.8 21.68 36.24 31272 43.24 3020.2
75%Pe 613.81 35453 3029.6 25.12 33409 14.85 25.46 3136.6 29.83 3029.6
50%Pe 419.81 3513.5 3009.8 14.72 33149 9.19 21.27 31139 18.84 3009.8
40%Pe 349.74 3473.7 2983.0 11.36 3281.0 7.33 20.60 3083.9 15.16 2983.0
30%Pe 27743 3433.8 2955.3 8.04 3247.1 5.46 20.26 3052.8 11.5 2955.3
Rated extraction 860.27 35343 2986.0 43.06 3325.6 26.52 38.62 31104 30.04 2986.0
Max extraction 903.51 3532.5 2975.4 46.84 3323.0 29.49 41.02 3104.8 29.56 2975.4
TABLE 5. Statistics on parameters of LPC.
Inlet steam Inlet steam Exhaust 6th 6th extraction 7th 7th extraction 8th 8th extraction
Conditions flow (t/h) enthalpy enthalpy  extraction enthalpy extraction enthalpy extraction enthalpy
(kJ/kg) (kJ/kg) flow (t/h) (kJ/kg) flow (t/h) (kJ/kg) flow (t/h) (kJ/kg)
100%Pe 695 3020.2 23132 39.13 2817.7 30.78 2628.7 33.48 2478.7
75%Pe 521.68 3029.6 2331.3 27.61 2825.3 21.54 2633.5 19.58 24852
50%Pe 357.90 3009.8 2363.3 17.78 2810.3 13.84 2622.6 8.81 2478.9
40%Pe 297.01 2983.0 2378.2 14.39 2789.3 11.24 2607.7 5.43 2466.8
30%Pe 233.49 2955.3 2403.2 11.01 2767.8 8.61 2592.0 2.38 24547
Rated extraction 226.67 2986.0 2319.9 11.91 2626.9 9.42 2480.9 2.29 2356.6
Max extraction 211.40 2975.4 23204 11.25 2611.9 8.87 2468.4 1.60 2346.1
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FIGURE 11. Absorption heat pump controller.

outlet temperature of the AHP can track its set point well,
especially when the peaking signal Flag is triggered.

Ill. CONCLUSIONS

The operation mode of CHP units based on “‘ordering power
by heat” is the main reason leading to severe wind power
abandonment in northeast China. Decoupling the constraint
of “ordering power by heat” for CHP units is an important
way to solve this problem. AHP and bypass heating methods
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are two important ways to decouple this constraint. Firstly,
a nonlinear dynamic model of a CHP unit with AHP and
bypass systems is proposed to reveal the internal princi-
ple of these two methods and their effect on CHP units,
in which, the static unknown parameters are determined
based on design data, and the dynamic ones are obtained
by perturbation test. Simulation results show that the model
can reveal the couplings of AHP and bypass system to the
CHP unit, and provide model support for controller design.
Secondly, a deep peak regulation control strategy is proposed
to improve the peaking capacity of the CHP unit, in which,
the GPC algorithm with feedforward-feedback structure is
adopted to fundamentally solve the control problems of large
delay and inertia on the boiler side, and overcome known
disturbances on the turbine side; the ratio of the first stage
pressure to the exhaust pressure from high pressure cylinder
is selected as the controlled variable of high pressure bypass.
The deep peak regulation process is divided into two stages:
1) CHP and AHP are used for heating when their heating
capacity can meet the heat load requirements of residents,
2) as the unit load is further reduced, bypass mode is acti-
vated for heating when the steam flow entering the LPC
is lower than its cooling flow. Simulation results show that
the control strategy can meet the heat load requirements of
residents when the unit is in deep peak regulation condition,
the steam flow entering LPC can always be kept above its
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TABLE 6. Design parameters of a 330MW CHP unit.

Number Items Symbol Unit Value
1 Power generation under RG condition N,z MW 330.000
2 Coal feed flow under RG condition Ghra) t/h 207.740
3 Main steam flow under RG condition D, 4 t/h 997.560
4 Reheat steam flow under RG condition D, xe) t/h 829.810
5 Exhaust steam flow from IPC under RG condition Ditee t/h 695.000
6 Main steam flow under RH condition D,y t/h 1043.260
7 Reheat steam flow under RH condition D, t/h 860.270
8 Exhaust steam flow from IPC under RH condition Do, t/h 726.670
9 Heating steam flow entering heater under RH condition D, t/h 500.000
10 Steam flow entering LPC under RH condition Dy t/h 226.670
11 Drum pressure under RH condition Direy MPa 18.590
12 Main steam pressure under RH condition Diriy MPa 16.700
13 First stage pressure under RH condition D) MPa 13.887
14 Reheat steam pressure under RH condition Drry MPa 3.699
15 Exhaust steam pressure from IPC under RH condition Pacsiny MPa 0.490
16 Inlet steam pressure of LPC under RH condition p,L(',;Z) MPa 0.157
17 Inlet water temperature of heater under RH condition 0,7,?5, ) °C 62.930
18 Steam flow entering HPB under RH condition D, t/h 175.000
19 Steam flow entering LPB under RH condition legf,) t/h 208.500

20 Desuperheating water flow entering HPB under RH condition Gt t/h 33.500
21 Desuperheating water flow entering LPB under RH condition gl t/h 37.210

limit value (180t/h), the ratio of the first stage pressure to the
exhaust pressure from high pressure cylinder can be always
kept within a certain range, therefore, the safe and stable
operation of the unit can be guaranteed.

APPENDIX
See Tables 2-6.
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