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Abstract: In this paper, we investigate a class of optimal control problems for turbofan aero-
engines considering external disturbances. The alternating direction method of multipliers (ADMM)
is embedded in the framework of robust model predictive control (RMPC), which is not only able to
reach a predetermined value of the engine fan speed, but is also developed to maintain the robustness
of the engine control system. First, to consider the optimal control strategy for the worst-case scenario,
this optimal control problem is formulated as a minimum-maximum convex optimization problem with
constraints. Second, through a transformation technique, the problem can be equivalently described by
a variational inequality, which is then transformed into a quadratic programming (QP) problem using a
proximal point algorithm (PPA). Finally, the ADMM algorithm is used to solve a series of optimization
subproblems based on the structural characteristics of the model. Computational examples illustrate
the solution efficiency and robustness of the improved algorithm (RMPC-ADMM).
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1. Introduction

The aircraft’s aero-engine is a critical component. Its operation is quite complicated, and it often
fluctuates depending on environmental circumstances and operating states (e.g., maximum state, cruise
state, acceleration and deceleration states, etc.). As a result, optimizing the control of the aero-engine
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is critical in order to make it run reliably and efficiently and to achieve the best performance. Stable-
state control, transition-state control, and limit control are the three main control tasks [1]. There are
various types of aero-engines, and this study focuses on turbofan aero-engines.

Engine control adopted closed-loop feedback control from classical control theory in the
early 1950s, which improved control accuracy, dynamic performance, and engine performance
significantly. Because it is simple to design and implement, this approach is still utilized for many
engine controllers today. Classical feedback control theory, on the other hand, cannot ensure the
system’s stability and dynamic performance. For this reason, modern control theories such as linear
quadratic optimal control, adaptive control, robust control, LPV control, and neural network control
arose in the 1960s. Classical engine linear regulators are conservative and unable to handle complex
systems with output constraint protection [2, 3]. In contrast, model predictive control (MPC) provides
considerable advantages in handling engine operating restrictions explicitly [4, 5], simplifying the
engine control system structure [6], and performing real-time rolling optimization. MPC has received
a lot of attention in the engine control industry since then [7—10].

The MPC algorithm is a finite-horizon optimum control algorithm that uses a time-forward rolling
optimization algorithm. Its rolling implementation can compensate in time for uncertainties caused
by model mis-match, time variations, and disturbances. In order for the control to remain practically
optimal, the algorithm constantly builds additional optimizations in the real system [11]. The classical
finite horizon quadratic value function is used as the objective function in the analysis of MPC problems
in Ref. [12]. In the linear time-invariant (LTI) system, the output variables and their corresponding
output constraints are disregarded. The control input is not taken into consideration in the output
of the LTI system in Ref. [13]. In Ref. [14], the ADMM algorithm is used to improve the real-time
performance of the aero-engine nonlinear MPC by applying it to the MPC rolling optimization. Firstly,
they introduce auxiliary variables and then introduce auxiliary variable constraints. The simulation
results show that the improved method is more efficient. In summary, we try to apply the ADMM
algorithm to the turbofan aero-engine problem according to the previous research on MPC.

The ADMM algorithm can solve block convex optimization problems quickly, reducing the
difficulty of solving them by breaking down large-scale problems into smaller chunks. The ADMM
algorithm is theoretically guaranteed to converge for any convex value function and constraints. In the
last ten years, the ADMM algorithm, which was originally developed to solve variational inequalities,
has become widely used in optimization computing [15-19]. Noor proposed methods for addressing
general variational inequalities [20, 21], including projection, Wiener-Hopf equations, updating the
solution, auxiliary principle, inertial proximal, penalty function, dynamical system and well-posedness.
He [22] selects the appropriate matrix G in the framework of variational inequalities and solves the
convex optimization problem with linear constraints using the PPA algorithm under G-modules. The
method makes the iterative process of solving subproblems easy to solve. Ref. [23] directly applies the
PPA algorithm’s powerful convergence theory to the ADMM algorithm, demonstrating that the essence
of the algorithm is the same. With the further study of the ADMM algorithm, its convergence has been
proved. The PPA algorithm is a fundamental algorithm for computing optimally. It was first proposed
by Martinet in 1970 [24], and then Rockafellar did further research [25,26]. The PPA algorithm on
Lagrangian multipliers is known as the augmented Lagrangian method (ALM) [27]. He [28] selects
appropriate proximal parameters in the linear constrained convex minimization problem and solves it
with the PPA algorithm. The subproblems obtained by this algorithm are easier to solve than the ones

AIMS Mathematics Volume 7, Issue 6, 10759-10777.



10761

of the ALM algorithm. The PPA algorithm has received further attention in recent years, both in terms
of theory and implementation [29-32].

Model uncertainty exists in industrial processes due to factors such as model mismatch and external
disturbances between the practical system and the process model. These make the performance of
MPC worse and even make the system unstable. Therefore, it is critical and realistic to investigate
MPC'’s robustness [33]. Within the scope of MPC, which combines the advantages of robust control
with predictive control, RMPC is one of the control methods for dealing with model uncertainty.
The research mainly includes predictive control algorithm robustness analysis and this algorithm
robust control [34]. There are primarily two methods for RMPC to achieve optimal control.
The first is H,, control [35-39], while the second is min-max optimization [40—42]. The min-
max optimization commonly uses the worst-case performance function. Based on invariant set theory,
the method uses linear matrix inequalities (LMI) to design the RMPC controller. The optimization
problem is then converted into an LMI problem in order to solve the predictive control. Previously, the
system state was thought to be quantifiable online for RMPC [43-46]. However, the system state is not
always measurable in practical applications. Using the state observer, Lee [47] and Mayne [48] built the
output feedback RMPC (OFRMPC) with constraints in the LTI system. The state observer’s parameters
are fixed in this scenario, and the control inputs are optimized online by the OFRMPC. Bemporad [49]
used the dynamic output feedback control method to design the OFRMPC with constraints in the LTI
system.

Overall, we apply the ADMM algorithm to improve the RMPC problem’s rolling optimization. To
increase the solving efficiency and maintain system stability, we apply the modified algorithm to the
turbofan aero-engine LTI system with external disturbances. The following are the primary innovations
in this paper: (1) In this paper, we investigate a more complex model by considering the dual influence
of output variables and state variables on the output values; (2) We improve the algorithm by utilizing
the fact that the PPA algorithm can simplify the subproblem to transform the optimization problem; (3)
We use the ADMM algorithm can take full advantage of the sparsity of the problem to optimize the
algorithm and improve the solution efficiency; (4) Several transformations are applied to the original
optimization problem, and the suggested method is demonstrated by an example in the RMPC problem
for turbofan aero-engines.

The rest of the paper is organized as follows. In Section 2, we introduce the mathematical model of
the RMPC problem for the turbofan aero-engine and its augmented form. In Section 3, we derive the
RMPC prediction equations in matrix form. In Section 4, we transform the optimization problem of
RMPC into a form that is suitable for solving with the ADMM algorithm. In Section 5, we calculate the
comparison problem of RMPC for turbofan aero-engine in ground idling and verify the effectiveness of
the RMPC-ADMM algorithm in terms of robustness and solving efficiency. In Section 6, we conclude
this paper and look forward to future work.

2. RMPC model description
The model of a turbofan aero-engine with external disturbances can be described as follows:

x(k + 1) = Agx(k) + Bau(k) + w(k),

2.1)
y(k) = Cyx(k) + Dyu(k),
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where

x=[ AN; AN, |, y=[AT ASmHPC |, u=[AW; AVSV AVBV |.

The state variable x denotes the deviation of the fan speed N;(r/min) and the core rotor speed
N (r/min). The output variable y (also called the output constrained variable) denotes the deviation
of the high-pressure compressor delivery temperature 745 (°R) and the high-pressure compressor surge
margin SmHPC(%). The control variable u denotes the deviation of the fuel flow rate W,(kg/s), the
variable stator vane angle VSV (°), and the variable bleed valve opening VBV. A,, By, C;, and D,
denote the input and output matrices of the corresponding variables. The external disturbance variable
w(k) is bounded.

We now introduce the augmented state matrix x,(k) = [ x(B)T uk-1D7 ]T, which has the
advantages of low computational effort, high computational accuracy, and strong computational
stability. By applying x,(k) to (2.1), we can get the following augmented model:

X(k + 1) _ A; By X(k) B, 1
[ u(k) ‘[() 1][uw—1)}* I]AM@+ o]wwx 02
ﬂ@:[cdzy][mf?n + DyAu(k).
The compact form can be written as:
Xo(k + 1) = Agax,(k) + By Au(k) + Fw(k), 23)

)’(k) = Cdaxa(k) + DdaAu(k),

where

A, B B, 1
Ada:[od Id], Bda:[ld:|’ Cda:[cd Dd], Dy, = Dy, F:[O]’

x, denotes the augmented state variable. Au denotes the new control variable. When solving practical
problems, we usually depend on whether it is the tracking variable (AN,) or the output constrained
variable (AT,3, ASmHPC) to use different matrix coefficients. As a result, we express these two types
of variables, respectively, to fulfill our practical needs. The equivalent model equation can be written
as follows:

X (k + 1) = Agaxa(k) + By Au(k) + Fw(k),

y(k) = Coxa(k), (2.4)

p(k) = Cdaxa(k) + DdaAu(k)a

where Cy = [ 1 00 0O ], y(k) denotes the expression of ANy, and p(k) denotes the expression of
AT4 and ASmHPC.

3. RMPC prediction equation

In order to reduce the number of independent variables in the optimization problem and improve
the algorithm efficiency, we introduce the control horizon n,, the prediction horizon n,, and the control
variable Au(k +1i),i =0,1,2,--- ,n, — 1.

Since predict the control system needs control inputs throughout the prediction horizon, we make
the following assumptions:
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Assumption 1. The control horizon n, is not larger than the prediction horizon ny, and the control
variable Au(k + i) is constant in the later times of the control horizon n,. That is,
n, < ny,

Autk +1i)=0,i=ny,n,+1,--- ,n,— 1.
By iterating the first equation of Eq (2.4), the prediction state columns can be obtained as:
X (k+ 1] k) = Agaxa(k) + BaaAu(k) + Fw(k),

Xk +2|k)=Agx,(k+1|k)+ By Aulk+ 1)+ Fwk+ 1)
= Af,axa(k) + AgaBaAu(k) + By Au(k + 1) + Age Fw(k) + Fw(k + 1),

x,(k+n,|k)=Agx,k+n,—1k)+BgAuk+n,—1)+ Fw(ek+n,—1)
=A" x,(k) + A" By Au(k) + Al By Aulk + 1) + -+ -
+ By Au(k +n, — 1)+ AZZ‘IFw(k) + AZZ‘ZFw(k +1)+--- 3.1)
+Fwlk+n,-1),

xa(k+ny | k) :Adaxa(k+ny -1 k) + BdaAu(k+ny - 1) +Fw(k+ny - 1)
=AY xa(k) + A7 Baahu(k) + A5 BagAutk +1) + - - -
+ AP B Au (k4 my — 1) + AT Fwk) + A2 Fw(k + 1) + - -
+Fw(k+ny— 1).

By iterating the second equation of Eq (2.4), the prediction tracking columns can be obtained as:

vk +1|k)=Cox,k+1]|k)
= CoAuaXa(k) + CoBaAu(k) + CoFw(k),

vk +2|k)=Cox,(k+2]k)
= CoAya>Xxa(k) + CoAgaBaaAu(k) + CoBaaAulk + 1)+
CoAgFwk) + CoFwk + 1),

y(k+nu | k) =Cox, (k +n, | k)
=CoA™ x,(k) + CoAl ™' By Au(k) + - - - + CoBuau (k + n, — 1) +
CoAl " Fw(k) + CoAls *Fw(k + 1) + - -+ + CoFw (k + n, — 1),

(3.2)

v (k +ny | k) =Coxq (k +ny | k)
=CoA" x4(k) + CoA ™ ByuAu(k) + - - - + CoA™ " Byghue (k + n, — 1) +
CoAly Fw(k) + CoAly Fw(k + 1) + -+ + CoFw (k +ny = 1),
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where (k +i|k),i=1,--- ,n,in Eqs (3.1) and (3.2) denotes the prediction of k + i times at the current
time k.
Equations (3.1) and (3.2) can be simplified into matrix form as follows:
x, = E.x,(k)+ HAn + G,w,
y = E.x,(k) + HAit + G,.W,

where
Xq(k + 1) yk+1) ] [ Au(k)
Xa = ’j\; = ,All = ,
xa(k+ny) y(k+ny)_ | Au(k+n,—1)
w(k) Ada | [ Bia 0 0
‘;1\} = . , EX = . . Hx = . . ) ,
w (k tny - 1) Add™ ] | Ay 'Byy Add By AZZ_SBda
[ CoAda CoBua 0 0 o (3.3)
E COAdaz CoAuuBia CoBy, 0
| CoAud™ CoAu”'Bia CoAua™*Buaa CoAud > Bua
CoF 0 ... 0 F 0 e 0
CoAuaF CoF e 0 AuF F e 0
Gr = 0 .d 0 . ’ Gx _ d. . .
| CoAdany—lF COAdany—ZF oo CoF Adany—lF Adany_zF . F

4. RMPC optimization problem

During engine operation, it is necessary to guarantee that the fan speed reaches the specified
reference value and that the control system remains stable at all times. Therefore, we design the
value function to ensure that the tracking variable is close to the reference input variable and that the
control variable’s fluctuation is as small as possible. The value function is as follows:

ny n,—1

JAi, ) = e+ ek + i)+ Y abulk + i) Aulk + i),
i=1 i=0

where e(k) = r(k)—39(k), r(k) denotes the reference input (i.e., the given fan speed deviation value). The
first term is expressed as the sum of the squares of the differences between the tracking variable and the
reference input variable in the prediction horizon n,. a denotes the scalar weight (i.e., the weighting
factor). At each prediction time, the larger the weighting factor g, the smaller the fluctuation of the
control variable is. We use a consistent weighting factor to simplify the value function. The second
term is expressed as the sum of the squares of the control variation during the control horizon n,.

When solving the RMPC optimization problem, the system needs to satisfy the assumptions as
follows:
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Assumption 2. The control variable u, the output constraint variable p, and the external disturbances
w are maintained within the allowed range. That is,

U<uk+i)<U,i=0,1,2,--- ,n, - 1, (4.1)
P<pk+i)<Pi=12--,n, (4.2)
w<wk+i)<w,i=01,2-,n,-1, 4.3)

where U, U, P(=Y), P(=7), w and w denote the upper and lower bound vectors of the control variable,
the output constraint variable, and the external disturbances, respectively.

When the disturbances of the system are bounded, we can take the maximum value of the
disturbances to solve the minimum value of the optimization problem. As a result, the optimization
problem can be expressed in terms of the worst-case performance function on a finite horizon.

Problem 1.
mina, max,  JAGLW) = 37 etk + i) e(k + i) + X" alu(k + i)' Aulk + i)
5.1, U<uk+i)<U,i=0,1,2,--+ ,n,~1,
P<plk+i)<P,i=12,-,n,
w<wk+i)<w,i=0,1,2,---,n,— 1.

The optimization variables of Problem 1 are Aiz and w, but they are not explicit in the value function,
and the variables in the constraints are with respect to u, p and w. Therefore, it is necessary to unify
the variables of both value function and constraints as At and w. The transformations are shown as
follows:

(1) For value function

ny n,—1

J(A, W) = Z elk+ i) e(k + i) + Z aru(k + )T Aulk + i)
i=1 =1
=(r — 9 (r = 9) + aAit" Air
=(r — E,x,(k) — H.All — G,W)T (r — E,x,(k) — H,Ail — G, W) + aAid” A
—Ai" (HrTHr n al) Afi + (2xaTErTH, - 2rTH,) At + AT (2H,TG,) W—
W' (-GIG,) W — (2" G, - 2x," E" G, )W + o
1 1
:EAQTWAL? + T Al + ALT MW — wasw —b"W+ J,

1 1
:EAL}TWAL? + T A+ A" M — (— TS W+ bTw) +Jo,

2
where
W =2H,"H, + 2al, 4.4)
c=2H"E,x,-2Hr, (4.5)
M =2H'G,, (4.6)
S = -2G!G,, “4.7)

AIMS Mathematics Volume 7, Issue 6, 10759-10777.



10766

b =2G'r - 2G'E, x,,

_ T T T T T
Jo=rr-2x,E. r+x,E, E.x,,
T

r=|rtk+1D" r(k+2)" ... r(k+ny)T] :

Since Jj is a constant at the current time k, it can be ignored.
(2) For constraints
(1) Constraints for the variable u

U<uk+i)<U,i=0,1,2,--+ ,n, - 1.
Let i = 0 and subtract u(k — 1) from both sides of the inequality simultaneously:
U —u(k—1) < Autk) < U — u(k - 1).
Set k = k + 1, and then substitute u(k) — u(k — 1) = Au(k):
U —u(k—1) < Auk + 1) + Au(k) < U — u(k - 1).

Still let £ = k + 1, and then substitute u(k) — u(k — 1) = Au(k):

U—u(k—=1) < Au(k +2) + Autk + 1) + Au(k) < U — u(k - 1).
Similarly, we can obtain:

U-ulk=1)<Au(k+n,— 1)+ +Auk) < U — u(k - 1).

Then, it can be expressed in matrix form:

[/ O --- O01]] Au(k) 1 1
I 1 0 Auk+1) 1] _
. . <| . |WU-u(k-1)),
| I I --- I || Autk+n,—-1) | 1
[ 0 --- O] Au(k) 1 1
I I --- 0 Au(k+ 1) 1
-1 . . . . <—| . |WU-uk-1)).
| 7 I --- I || Autk+n,—1) | 1
Let
1 0 0 1
1 1 0 1
Cc: . , L= ’
I 1 - 1 1

dy = L(U = ulk = 1)),d, = =L(U = u(k = 1)).

(4.8)

4.9)

(4.10)
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Then the matrix form can be expressed as:
~d, < C.Ai < d,.

(i1) Constraints for the variable p

According to the derivation process (3.2), the prediction equation for the output constraint variable

p can be obtained in the same way:

p = E.x,(k) + HAit + G,

where
pk+1) Cralua CuF 0
" p(k + 2) CdaAda2 CdaAdaF CdaF
p = . ’ C = . D) c = : :
p(k+n,) CaaA, CaAyT'F Chuha°F
CdaBda Dda O
H. = CdaAdaBda CdaBda Dda

=1 —2 —3
CduAdan’ Bda CduAdun} Bda CdaAdan) Bda

According to Egs (4.2) and (4.12), we can obtain:

P P
N i A I 2
Pmin = SPS . = Pmax
P P

Substitute Eq (4.11) into Eq (4.13),

ﬁmin - Ecxa(k) - Gcw < HLAQ < ﬁmax - Ecxa(k) - Gcwa

it can be simplified as, o
-d, <HAu<d,

where a’_[7 = Pmax — Ecxy(k) = GWw and d, = —Ppin + Ecxy(k) + Gow.
In summary, the constraint can be denoted as:

—d, a0
lél —l<‘PAas[d”]éh,

C.
H,
(ii1) Constraints for the variable w

where ¥ =

AIMS Mathematics

(4.11)

0

0
Caa (4.12)
(4.13)
(4.14)
(4.15)
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Forw <w(k+i) <w,i=0,1,2,---,n, — 1, the direct deformation yields:
w w
w w
Wmn=| . [SW] L | 2 Winax (4.16)
w w

Based on the above transform, Problem 1 can be converted as:

Problem 2.
miny; max, J(AZ, W) = 0,(A) + AdT M — 0,(W)
s.t. [ <YAL<h, “4.17)

Wmin <w< Wmax»

where 6,(Ail) = %AQTWAIQ + Al and 6,(W) = %WTSW + bW

Solving optimization problems in the framework of variational inequalities can bring great

convenience [50, 51], therefore, we transform Problem 2 into the form of variational inequalities as
follows:

Problem 3. Solve for (Air*, w*) € A such that it satisfies:

[ Ail — A ]T [ F(AR) + MW

N A
o — o o () — MTAR* ] > 0,Y(Aa, W) € A, (4.18)

where

VO,(AD) = WAL +¢ ¥ Fan),
Vo) = Sw+b ¥ o(w),
(AL W) | 1< WAL < 7y Woy < W < Wina) 2 AL

It can effectively exploit the simplicity of the objective function by applying the PPA algorithm to
solve this problem. So, based on the study of linear constrained convex optimization problems in the
papers [22,28], we use the PPA algorithm to solve Problem 3.

For given (A#r”, w"), the subproblems of Ait and W can be denoted as:

W' = Argmin {6,(9) — W7 MTAR + 2 [0 = W1 | Winin < W < Winax -
— — 2 4.19
Al = Argmin{@l(Ait) + 4 |Ad - |Ar - LM (20 - ) ‘ |1 < WAl < h}, 19
where r; and s; are constants.
Simplifying Eq (4.19), we can obtain the following problem.
Problem 4. ‘ .
ming y; A: wiaw+diw (4.20)
S.1. aw < b],
IIlil’lA,g Y2 = AﬁTCZAﬁ + dzAI’/\l (421)

S.1. ar) At < b,,

AIMS Mathematics Volume 7, Issue 6, 10759-10777.
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where

I Wmax
ae] o] 5 |
y h
c; =0.58 +0.551,d, = (A M +b" — 5, W),
¢, =05W+05r1,d, =c’ — rlelT,

e; = A’ — %M(z%v — ).

By solving Eq (4.19), we can obtain:

( Al _é? )T ( f@?) " MVL ]+( ! (ALX‘: AR)+ M@f v ] >0, V(A W)€ A.
W—w g(W)—-M"Ad MT (AR - AR) + s; (W — W)
(4.22)

It can be observed that the subproblems of Eq (4.19) are all quadratic programming problems with
high-dimension block matrices, and there is a solution order among the subproblems, so the Problem 4
is hard to solve. Considering that the ADMM algorithm has the property of distributed optimization,
we apply it to the rolling optimization of the 4 to increase the solution efficiency.

Firstly, we introduce the slack variable z;(> 0) to Problem 4:

min;, y; =Wew+diw
st.  aw+z; =b,(z1 >0).

Applying the ADMM algorithm yields the iteration equation:

Wit = arg min {Lﬁ (W, Z, /l?)} ,
20" = argmin {Ly (w9*!, 21, 2%) | 21 > 0}, (4.23)
A7 =9 +ﬁ(a1v?/q” +2 - bl),

where (Wq .20, /1'1’) denotes the current iteration point. Lg denotes the augmented Lagrangian function
and can be expressed as:

Lﬁ = (W, 21, /11) = WTClw + dﬂ/?/' + /llT (alw +21— b]) + g ||Cl1W +21— b]”2 . (424)

Simplifying Eq (4.23) yields:

patl = _diraidispa; (&-b)
2c1+,BaITa1 ’
+1 A+p(ay it -b
2 = max {0, _% , (4.25)

1 ~ 1
AT = 0+ B a4 20 - by).
Iterate until the termination condition is satisfied. We can get the optimal solution W of Eq (4.20).

Next, we substitute # into the expression of e;. Similarly, the optimal solution A#" of Eq (4.21) can
~ =V
be obtained. In conclusion, we can obtain the proximal point (Aﬁ W ) € A.

AIMS Mathematics Volume 7, Issue 6, 10759-10777.
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After that, the next iteration point is updated to (Aﬁv“ ! ) The iteration equation can be denoted

as:

(4.26)

v+

AR = AR~y (A0 - ARY),
W

D=y —y (W =),

We determine whether the iterative process satisfies the accuracy requirements. The iteration
continues if it is not fulfilled. If it is met, the solution (A#&*, w*) of Eq (4.18), which is also the optimal
solution (Air, w) of Eq (4.17), can be achieved.

According to the system model Eq (2.4), the state variable x(k + 1) and the output variable y(k + 1)
at time k + 1 can be obtained. We continue the procedures above until the whole simulation horizon
Simhor has been finished, where Simhor denotes the time range (Simhor < n, < n,) for solving the
actual problem. In Algorithm 1, the specific solution stages are presented.

Algorithm 1 RMPC-ADMM algorithm

Input: A, By, Cy, Dd,ﬁ, U, Y, Y, w,w, ny, ny,, Simhor,a,r,e >0, B>0,y€[l,2)andg =0.

1: Compute the matrices C,, E,, H,, E,, H,, G,, G,, W, M, S, Wiin, Wimax> Ec, G¢, H. and ¥ as in
Egs (3.3), (4.4), (4.6), (4.7), (4.9), (4.12), (4.15) and (4.16).

2: Initialization (fork =0, 1,---,Simhor).
(1) Given x,(0), x(0), u(-1), and let u = u(-1);
(i) Compute y as in Eq (2.4);
(i11) Compute d_u, dy,, c and b as in Eqgs (4.5), (4.8), (4.10) and (4.14).

3: Solve for the optimal control sequence Aii(k).
(1) Given (Ad’, Ww");
(ii) Solve W': Given the initial point (7, z{, A), obtain (W¢*!, z¢*!, 2¢*") by solving Eq (4.25). If
the termination condition is satisfied, then W’ = W4*!. Otherwise, let w? = Wi*!, z? = z’lm,
/1;1 — /1(1]+1;
(iii) Solve AZ': Substitute W into @, d, and e;. Calculate [ and h as in Eq (4.15). If

max (max (abs (A&V — A;A;V)) , max (abs (W” — ;T/-v))) > ¢ is satisfied, then the new iteration point
is (A1, %"*1). Otherwise Ai(k) = A .

4: Compute the optimal control variable u(k) at the current time k by taking the first components of
Aii(k) and w respectively.

5. Calculate x(k + 1), y(k + 1) and x,(k + 1) as in Eq (2.4). Update variables u = [ u uck) ] and

y=|y yk+1|.
6: Let k = k+ 1 and go to step (3-iii) until the whole simulation horizon Simhor is finished.

5. Simulation example
The simulation example studies the CMAPSS-40k turbofan aero-engine in ground idling. We want
to reach the required fan speed response AN, = 100r/min in the shortest time possible when the

control variable and the output constraint variable are kept within the permitted range. For the sake
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of simplicity, we choose AN, = 100r/min, n, = 3, ny = 7, Simhor = 30. The remaining values of
variables(Ay, By, Cy, D, U, U, Y, Y, w, w) are all consistent with the ones used in [4].
5.1. Comparison of the results of MPC-ADMM algorithm and RMPC-ADMM algorithm

To prove the stability of the improved algorithm, we solve the two problems with and without
disturbances while keeping the common parameter values constant (8 = 2.5, y = 1.5, a = 0.01).

80

o
3 5 < — With external disturbances: A N
>
E "

< With external disturbances: A W, (2B ---- With external disturbances: A T,q
> With external disturbances: A VSV < With external disturbances: A SmHPC
g -0 i i 2 Without external disturbances: A N,
> With external disturbances: A VBV i : f
< Without external disturbances: A W, q 40 Without external disturbances: A T,g
= 15 A Without external disturbances: A VSV = Without external disturbances: A SmHPC
4 Without external disturbances: A VBV P

20 e

25 20

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 045

time/s time/s

(a) Comparison of control variables with and without disturbances (b) Comparison of output response variables with and without

disturbances
102 16
100 1.4
%
9% 12
%
1
. 92 g
Z g . - T 0.8 --With external disturbances: A SmHPC
< a8 With external disturbances: A N UE; ' ~-Without external disturbances: A SmHPC
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time/s time/s
(c) Local diagram of AN, with and without disturbances (d) Local diagram of ASmHPC with and without disturbances

Figure 1. Results of variables for two control systems with and without disturbances.

In Figure 1(a) and 1(b), the RMPC system can reach the target tracking value when the constraints
are satisfied. Furthermore, there is little difference in the fluctuation of the two system variables. In
Figure 1(c), both systems are almost approaching the specified fan speed response value at the same
time. The difference in surge margin and numerical fluctuation between the two systems is small in
Figure 1(d). These results show that the system is always in stable condition. In conclusion, by using
the improved method to solve the RMPC problem, the system can reach the target value rapidly and
steadily. Section 5.1 illustrates the robustness of the RMPC-ADMM algorithm.

5.2. Comparison of the results of RMPC-QP algorithm and RMPC-ADMM algorithm

In this section, to prove the effectiveness of the RMPC-ADMM algorithm, we calculate the
same RMPC problem by using the QP algorithm (interior point method) and the ADMM algorithm,
respectively. The prediction horizon n, and the control horizon n, may affect the predictive control
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performance. Too small n, may result in failure to satisfy stability and constraints [52], while too large

may affect the dynamic characteristics [53,54]. So we will discuss it in two cases.

Case 1. n, = n,.

Firstly, we take n, = n, < 15. The results are shown in Table 1.

Table 1. Solution times of the two algorithms (n, = n, < 15).

Number Control horizon n,  Prediction horizon n, ADMM/sec QP/sec
1 6 6 0.8924 4.3579
2 7 7 1.0174 5.2839
3 8 8 1.0187 5.7235
4 9 9 1.8554 6.0751
5 10 10 2.9395 6.7447
6 11 11 3.4386 7.2998
7 12 12 3.6307 8.164

8 13 13 3.8529 9.9916
9 14 14 4.5728 13.0046
10 15 15 4.9668 14.4309

As can be seen in Table 1, the ADMM algorithm can reduce the solution time by more than 50%
when n, = n, < 15. This is because the ADMM algorithm keeps the KKT coeflicient matrix and
penalty parameters fixed during the iterations. Therefore, the ADMM algorithm needs to calculate the
matrix decomposition only once in each iteration. In contrast, the interior-point method requires the
inverse or decomposition of the KKT matrix in each iteration. Assuming that the solution requires M
iterations, the matrix decomposition time takes #,, and the KKT system solution back takes #,, then the
solution time of the ADMM algorithm takes #; + Mt,, and the solution time of the interior point method
takes M(t; + t,). In summary, as compared to the interior-point, the ADMM algorithm applied in this

paper reduces the computational effort and improves the real-time performance.

Next, we further prove the effectiveness of the improved algorithm by computing the case n, =
ny > 15, and the results are shown in Table 2.

Table 2. Solution time for two algorithms (n, = n, > 15).

Number Control horizon n, Prediction horizon n, ADMM/sec QP/sec
1 25 25 0.8924 4.3579
2 26 26 1.0174 5.2839
3 27 27 1.0187 5.7235
4 28 28 1.8554 6.0751
5 29 29 2.9395 6.7447

Case 2. n, # n,.

This section proves that the improved algorithm still has good results when n, # n,. We assume
n, = %ny, and the results are shown in Table 3.

AIMS Mathematics
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Table 3. Solution times of the two algorithms (n, # ny).

Number Control horizon n,  Prediction horizon n, ADMM/sec QP/sec

1 8 16 0.8924 4.3579
2 9 18 1.0174 5.2839
3 10 20 1.0187 5.7235
4 11 22 1.8554 6.0751
5 12 24 2.9395 6.7447
6 13 26 3.4386 7.2998
7 14 28 3.6307 8.164

8 15 30 3.8529 9.9916
9 16 32 4.5728 13.0046
10 17 34 4.9668 14.4309

6. Conclusions

In this paper, we aim to solve a practical optimization problem quickly and stably. Considering
that the control system in the practical problem is always uncertain, this uncertainty is divided into
external uncertainty (i.e., external disturbances) and internal uncertainty (e.g., measurement error,
parameter estimation error, model mismatch, etc.). As a result, we introduce the external disturbance
w(k) (which is also a general method) and obtain the RMPC problem in order to solve the practical
problem accurately.

We study the RMPC problem for turbofan aero-engines. We take the original optimization problem
as an entry point and transform it into the variational inequality. The PPA algorithm, the ADMM
algorithm, the splitting contraction algorithm, and the projection contraction algorithm can all solve
the variational inequality problem, the first three of which are known to have simple mechanisms
and can be used with great importance in the engineering field and related disciplines. We use the
PPA algorithm to transform it into problem that is applicable for the ADMM algorithm to solve.
Finally, the ADMM algorithm is applied to the rolling optimization to improve its effectiveness. The
application of the RMPC-ADMM algorithm to the ground idling example demonstrates that the system
can still obtain the objective value while maintaining stability. Furthermore, the time it takes to solve
a problem is cut in half. The research has implications for turbofan aero-engine control optimization,
and further work has to be done to increase the solution efficiency. In general, it is easier to solve the
variational inequality problem using the projection contraction algorithm. However, due to the high
dimensionality of this practical problem, the solution is not satisfactory. In our subsequent research,
we will try to solve the problem using this algorithm. Meanwhile, we will concentrate our efforts on
improving the classical ADMM algorithm and increasing its solution efficiency.
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