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1 | INTRODUCTION

Model predictive control (MPC) has been widely used to control constrained systems in many engineering applications'%, Tra-
ditional MPC uses a model to predict the future state and determine the control sequence. Since the accuracy of prediction
depends on the model, having an accurate model is crucial for obtaining good performance. The robust model predictive control
(RMPC) approach is known to handle modeling error by using a given bound of uncertainty to predict and design controller >,
The control policy is constructed based on a fixed feedback gain. The feedback gain affects the size of feasible region and per-
formance and choice of a single feedback need to compromise these objectives”. This can be settled by developing interpolation
robust model predictive control (IRMPC) which blends the advantages of different feedback gains>¢Z, Yet, the RMPC methods
are based on a prior bound of uncertainty, which is conservative for the time-invariant or slowly time-varying plant®.

For control of unknown systems, data-driven model predictive control has been extensively studied as it can exploit data to gain
knowledge of unknown systems. The main research can be classified according to whether the data is online or offline collected.
The offline data-driven approaches work on trajectories obtained from offline tests. With the trajectories, either implementing
model identification or directly utilizing trajectories as an implicit model to predict future states without identification are both
widely investigated. One representative identification based approach is subspace model predictive control which identifies the
state space system model from data-Hankel matrix. On the other hand, the research focusing on offline measurements without
performing identification includes [[10J11J12I13]] which directly use the offline measurements to predict future trajectories and
design the controller based on behavioural theory!®, Under the assumption of an initially measured trajectory satisfying persistent
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excitation condition, [[10]] presents a computationally efficient data-driven MPC scheme with theoretical guarantee of stability
and feasibility. However, for some large scale systems, offline test is economically expensive and lack of insufficient number of
data or appropriate order of excitation will lead to poor excitation and control performancel>, For unstable systems, closed-loop
tests are required and lack of excitation is likely to arise'l. Besides, offline data based methods need to recollect the data when
the model dynamic changes, otherwise instability or poor performance will result.

To mention online data-driven methods, recent research has mainly focused on adaptive model predictive control (AMPC)10,
model free adaptive control, learning-based MPC, input-mapping data-driven (IMD) MPC, etc. Based on adaptive control,
AMPC takes advantage of identification tools to update prediction model while drawing support from RMPC to ensure robust
constraint satisfaction and stability 87892021 Ay jssue arising from online estimation is that the performance of AMPC
heavily relies on the excitation effect of data which is not always satisfied and remains an open issue'l®1?, The computation
resources spent in implementing estimation of unknown parameter or uncertainty set is also a nontrivial problem®. Different
from AMPC, in which state prediction is based on an estimated model, the IMD MPC scheme we proposed in [22] directly uses
the online measured input-state trajectories to design controller and predict future states and has been successfully applied in a
robot manipulator example??, In particular, it uses an input knowledge to generate an online data-driven strategy which builds
a mapping between the current input-state trajectories and past input-state measurements and uses a linear combination of past
trajectories to predict future states. The main characteristics of this method is that no initially measured trajectories are required
as in [10J1213]]. The main limitation of this scheme is that it assumes the control horizon to be one and simply referred as IMD-
1-step in the following. Meanwhile, it cannot cope with asymmetric constraints as an ellipsoid invariant set is adopted. The use
of ellipsoid set results in an semi-definite program to be solved online that is computationally demanding.

In this paper, we propose two new multi-step input-mapping data-driven MPC methods for unknown linear time-invariant
(LTI) systems with stability and feasibility guarantees. The main contribution of this article are twofold. First, we extend the
IMD scheme of single-step in [22]] to a more general case with control horizon of arbitrary length. By mapping the current and
future input and state to the past online measured input-state trajectories, the future state can be represented as a linear combi-
nation of past online state measurements. This multi-step paradigm enables to introduce more degrees of freedom and improved
performance compared to [22]. Without model estimation process, the multi-step IMD scheme directly uses past online mea-
surements to design controller, saving the computation efforts of AMPC in updating uncertainty set®. It should be emphasized
that this scheme requires no initially online measured trajectories as in [[10{12]. Second, we propose two computationally effi-
cient multi-step IMD-RMPC algorithms by blending the multi-step IMD scheme with two RMPC methods using polyhedral
invariant set in [6]]. One is the RMPC based on fixed feedback gain and an IMD-RMPC scheme is proposed. Since the feedback
gain determines the size of attractive region and control performance and the choice of a fixed single feedback gain need to com-
promise these objectives, the other interpolation RMPC, which merges the advantages of different feedback gains, is combined
with IMD scheme and an IMD-IRMPC is hence developed. The IMD-IRMPC can enlarge the feasible region of IMD-RMPC.
The recursive feasibility and closed-loop stability of two schemes are ensured. And only a quadratic program is required to be
solved online for both IMD-RMPC and IMD-IRMPC. Based on polyhedral rather than ellipsoid invariant set, the proposed two
schemes can deal with asymmetric constraint in a non-conservative way and possess higher computation efficiency compared to
[22]. With incorporation of IMD scheme, the conservatism of two RMPC methods in [16] can be reduced, yielding an improved
performance. Due to the combination with RMPC technique, the proposed two methods can deal with model mismatch which
is not considered by [10l12]. We demonstrate the advantages of our proposed methods through numerical examples.

To summarize, the proposed multi-step IMD-RMPC methods (i) have less conservatism than [6] by incorporating an input-
mapping data-driven scheme, (ii) can achieve better performance than IMD-1-step in [22] by extending the control horizon to any
arbitrary length and developing a new multi-step IMD scheme, (iii) possess better computation efficiency and less conservatism
in handling asymmetric constraint than IMD-1-step by combining the IMD scheme with two RMPC techniques using polyhedral
invariant set, (iv) can achieve better computation efficiency compared to AMPC approach in [8]], (v) do not require an initially
measured trajectory as in [[10412]] and can cope with model mismatch which is not considered by [[10/12].

This paper is organized as follows. Section II introduces the basic principle of the input-mapping data-driven strategy. Main
results are stated in Section III. A multi-step input-mapping data-driven interpolation RMPC algorithm is presented in Section
IV. Section V provides an illustrative example, followed by conclusions.

Notation The sets N, R are respectively the set of non-negative integers and real numbers. For some c¢;,¢, € R, ¢, > ¢, let
Ry, Ry ., denote thesets {f ER 1 12 ¢}, {t ER : ¢; <1< ¢y} respectively. For some ¢, ¢; € N, ¢y > ¢, let Ny Ny )
denote the sets {t e N : t > ¢;},{t €N : ¢, <t < ¢,} respectively. The notation ||- ||, denotes the vector infinity norm and
the corresponding induced matrix norm. The symbol ||x||2Q = xT Qx is used to simplify the quadratic form with respect to Q > 0.
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Co{-} denotes the convex hull of finite points. The col[-] operation represents col [xl,xz, ,xn] = [xlT, xg, ,x:]T. The

symbol 0,1 and I, denote the all-zero matrix (vector) with appropriate dimensions to be inferred from context, a column vector
of ones and the identity matrix of dimension n, respectively. Let x(i| k) denote the predicted system state i steps ahead from time
k where x(k) = x(0|k). The notation (.S); denotes the i column (or element) of matrix (or vector) .S. L, ={(,.J)  J, €
Nppz»7 = 1,-+,i} denotes the set of all possible values of the sequences (j, -+, j;). The j;.; is an abbreviation of sequence

(.j19 A ’ji)'

2 | PROBLEM FORMULATION AND PRELIMINARIES

2.1 | Problem formulation
This paper focuses on unknown discrete time invariant system,

x(k + 1) = Ax(k) + Bu(k), @)
subject to a polyhedral constraint

Fx(k) + Gu(k) <1, )

with state x(k) € R”"~, control input u(k) € R". The matrices A and B are unknown, A € R"™*"x B € R"™*", And F €
R"%*" G € R"*™ are two assigned matrices.
Assumption 1. The unknown system (I) can be depicted as

A=Ay +AY, B =B+ A% [AY, AY] € By 2 Co{[AY, A, -, [AY, AP1}, 3)

with known matrices A, B, and true unknown matrices [AY, A¥] lying in a given convex and compact sets £, which is con-
stituted by a convex hull of known vertex matrices {[A(l), Ag)], [A(z), A(;)], e, [Ag\l‘), A(;)]} with L > 0 denoting the number
of vertices. Throughout this paper, we denote [AY), BY)] 2 [4, + AV, B, + A(é)] with j € N ;; and the true model lies in a
given set defined as

[A, B] € E £ Co{[A", BV], -, [AD, BP]}. @

We assume that states are perfectly measured. The problem of interest is to design a stabilizing data-driven MPC controller for
the unknown system (I)) satisfying Assumption 1 based on the online measurements of the system state and input. The controller
is designed to ensure the desirable closed-loop performance and constraint satisfaction.

2.2 | Preliminaries of online input-mapping data-driven learning

In this section, we briefly recall the IMD strategy of 1-step proposed in [22]]. At time k, given past N, input-state measurements
{u(?), x(t)}!=}~), of the unknown system (T)) and current state x(k), we define matrices X, € RN U, € R»*Nt X} €

R7XNL whtiz:llcl_(l:\gllect these measurements as below,
X; o= x(k = 1), x(k = 2), -+, x(k = N )], Q)
Uy o= [utk = 1), u(k = 2), - ,u(k = N )|, (6)
X} i=[x(k), x(k = 1), -, x(k = N, + 1] . @)

The above matrices play the role of moving window which are updated at each sampling time. At time k = 0, the above data
sets are initialized as X, =0,U, =0, X k+ = 0 with appropriate dimensions. And we have

x(k—i+1) = Ax(k — i) + Bu(k —i). ®)
By taking advantage of homogeneity of linear system (I)), we multiply a scalar # € R on left and right sides of (8], then
Px(k —i+1) = APpx(k — i) + Bpu(k —i). C))
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This implies that if the current state and input satisfy {x(k), u(k)} = {fx(k — i), pu(k — i)}, the next step state prediction equals
x(1|k) = px(k —i+ 1). Further, by making use of additive characteristic of linear system, we sum (9) fromi = 1toi = N, then

N, N, N,
Zﬁix(k—i+ 1 =A2ﬁix(k—i)+BZﬂiu(k—i), (10)
i=1 i=1 i=1

where §; € R withi € Nj; y ;. This implies that if the current state and input satisfy {x(k), u(k)} = {Zfiﬁ Bix(k—i), ZZLI Pu(k—
i)}, then the next step state prediction equals x(1|k) = ZZLI B;x(k — i + 1). Different values of §; where i € N} N, ] correspond
to various control input and can be used to optimize performance, which will be introduced in the next section.

Equations (9)-(T0) show how the IMD strategy builds a mapping between the current input-state signals {x(k), u(k), x(1]k)}
and the past online input-state measurements {x(k — i), u(k — i), x(k — i + 1)} collected in X, ,U,", X ]:’ This lays a foundation
of using past input signals and state online measurements to express the current and future input and state predictions. The
advantage of using past data to express the future state is that no online estimation process is needed as in AMPC and the past
input signals can be directly used to design the current and future control input, which has great simplicity. It is noted that a
similar data-driven MPC approach which represents the future input and output as a linear combination of past input and output
trajectories has been proposed in [[10]. The requirement of obtaining sufficient measurements satisfying persistent excitation
condition through offline trials is economically expensive for some large-scale processes. To tackle this issue, we propose an
online multi-step IMD strategy which does not require any offline trials in the following section.

3 | DATA-DRIVEN MPC WITH FIXED FEEDBACK GAIN CONTROL

In this section, we present a computationally efficient online multi-step IMD-RMPC scheme with guarantee of recursive fea-
sibility and stability. With online measurements, the proposed scheme uses the input knowledge to map the current and future
inputs and states to the past input and state trajectories. In particular, our proposed method constructs the future input u(i| k) as
a linear combination of past input signals v(i|k) and the input residual u(i|k), i.e., u(i|k) = v(i|lk) + u(i|k), and constructs the
current and future states as a linear combination of past states z(i|k) and the state residual e(i|k), i.e., x(i|k) = z(i|k) + e(i|k).
Further, we combine our proposed data-driven technique with the RMPC method. Section 3.1 contains the multi-step input-
mapping data-driven technique. In Section 3.2 and 3.3, we combine the data-driven scheme with the RMPC method in which
conditions for ensuring robust constraint satisfaction are presented, as well as the data-driven cost function. The whole algorithm
is summarized in Section 3.4 with a theoretical analysis of recursive feasibility and stability.

3.1 | Data-driven control strategy

We use past input signals from the data set U, in (6) to design the control input which is defined as follows,

. v(ilk) + u(ilk), i € Nigyoirs
u(zlk)={ . ) . .ol a1
Kx(ilk), (= v(ilk) + u(i]k)), i €Ny,
in which K is a pre-determined feedback gain such that the closed-loop system matrix
(.b(j) =AY 4+ BUK, (12)

is quadratically stable for all j € N, ;; (the method of determining K can be found in [[6]-[7]), and the linear combination of
past inputs v(i|k) € R™ is denoted as

Ny —i

V(llk) = I=1

(OGlk)uk = 1),i € N y_1» (W(ilk) =0 for i € Ny y), (13)

where the vector 0(i|k) € RNt~ is the linear combination parameter optimized online and (6(i|k)), denotes the /'* element of
vector 8(i|k). The input residual u(i|k) € R™ is parameterized as

u(ilk) = Ke(ilk) + c(ilk),i € N, (14)

where c(i|k) € R" denotes the perturbation vector optimized online (c(i|k) = 0 for i € N, 5 ). The state residual e(i|k) € R"
is defined from the decomposition of the current and future predicted state x(i|k) as a linear combination of past states z(i|k)

85U8017 SUOWWOD BAIE8.D 3(qedldde ay) Aq peusenob afe sejoie YO ‘8sn JO S9N 10} AIq1T BUIUO A8]IAA UO (SUOIPUCD-PUE-SWL)W00 A8 | Afe.d 1 |Buluoy/:sdny) SUONIPUOD pue swie 1 8y} 88S *[£202/20/6T] Uo Akeiqiauliuo A&[1m ‘sunoge i JO AISeAIUN 8y L Aq 2£29'0UI/Z00T OT/I0P/L00 A8 ImArIq U1 jUO//:Sdny Wol) pepeojumod ‘0 ‘6€ZT660T



Yang ET AL | 5

and a state residual e(i| k), namely
x(ilk) = z(ilk) + e(i|k),i € Ny, (15)
where the linear combination of past states z(i|k) € R" is denoted as

OG[k))x(k = 1),i € Njg y_y)» (2(i]k) = 0 for i € N, y), (16)

N —i

il = X

with (8(i|k)), denoting the " element of vector 0(i|k), and the state residual evolves according to

e(ilk) = W(i —1lk) + (A + BK)e(i — 1|k) + Bc(i — 1]k),i € Ny, (c(ilk) =0 for i€ N,py), a7
where e(0|k) = x(0|k) — z(0|k), W (i — 1|k) is defined as
W (i = 1lk) 2 T 06 = 1K), = (061K, ] xCe = p+ 1)+ (0G = 1K), x(k),i € Ny, (18)
N -N+1

W(N =11k 2 ¥ ™

with x(k) known at time k and (6(i|k)),_, denoting the (p — 1)"" element of vector 6(i|k). On the basis of (T3) and (T7), the
predicted state evolves according to

X(i + 11k) = (A + BK)X(ilk) + z(i + 1]k) + W (ilk) — (A + BK)z(ilk) + Be(ilk),i €Ny y_y;- (20)

(O(N —11k)), x(k = p+ 1), W(ilk) = 0,i € N, v, (19)

With the terminal state feedback control strategy (TI)) for i > N, the state evolves as
x(i + 11k) = (A + BK)x(ilk), i €N, . (21

Remark 1. (Prediction horizon) The above deduction is derived assuming that the prediction horizon N is less than or equal
to to the data length N;, N < N;. For the cases of N > N, , the extension is rather straightforward by respectively evolving
the state according to from the current time k to the future time kK + N; — 1 where z(N,|k) = 0 and x(i + 1|k) =
(A + BK)x(ilk) + Be(ilk),i € Ny, n_q)-

By using the proposed IMD technique, the future state in (T3)) consist of a known component z(i| k) and an unknown residual
signal e(i| k). As the true model parameter [A, B] satisfying Assumption 1 is unknown, the future residual signal e(i|k) in is
unknown but bounded. To ensure robust constraint satisfaction, we use RMPC method to construct state sets for x(i|k) in (I3).
Compared to RMPC which uses polytopic model vertices [A(j ), BY )] to predict the whole state x(i| k), we use the knowledge of
past data to separate a known part z(i|k) from the future unknown state x(i|k), enabling the conservatism to be reduced.

3.2 | Data-driven state set and constraint satisfaction

In this subsection, we consider constructing state sets to bound the future predicted state in (20)). In particular, we construct a
sequence of state sets { X'(0|k), X(1]|k), --+, X(N |k)} which contain all the possible future predicted state x(i| k) with the form of

x(ilk) € X(ilk) 1= {x(i|k)|x(i|k) = z(i|k) + e(i|k)},i € Njg n- (22)

For the state residual e(i| k), we construct a sequence of sets for the future predicted state residual {E£(0|k), E(1|k), -+, E(N|k)}
with the form of

e(01k) € E(01K) = {e(0]K), e(0]k) = x(Olk) — 2(0]K)}, e(ilk) € E(iIk) := Co{eM(ilk), y.; € £,}i € Nypypr  (23)

with x(0]k) = x(k) known at time k and z(0|k) defined in (T6). The set £(i|k) is constituted by a convex hull of vertices
e/ti(ilk) € R"™. The state residual vertex evolves according to

eU(1|k) = W(Olk) + ¢ e(0|k) + B c(0lk), ], € L, (24)

with ¢V = AU + BUVK and W (0k) defined in (T8), [AY), BYV] and K defined in Assumption 1 and (TT), respectively. For
1 €NpnpsJ1:io1 € LiJi € Ny,

eVrmid(ilk) = W (i — 1]k) + ¢/t (i — 11k) + B9We(i — 1K), (25)

where ¢U) = AUD + BUIK and W (i — 1|k) is defined in (T8)-(T9).
With @3)-(23), the future state set in (22) can be rewritten as

x(0k) € X(01k) := {x(01k)}, x(i[k) € X(ilk) := Co{x/:(i|k), x(ik) = z(i|k) + e(ilk), J;.; € L;},i € Ny yps (26)
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6 | Yang ET AL

which is constituted by a convex hull of vertices xJri (ilk) € R"~, The current state x(0|k) = x(k) and the linear combination of
past states z(i|k) is defined in (T6).

For the construction of the set in which the future input stays, we construct a sequence of input sets
{U@©|k), U/(1|k), -, U'(N — 1|k)} with the form of

u(ilk) € U'(ilk) 1= {u(i|k)|u(ilk) = v(ilk) + u(ilk)}, i € Ny y_y;- 27

For the input residual, we construct a sequence of sets {I1(0|k), [I(1|k), --- ,II(N — 1|k)} which contain all the possible future
predicted input residual with the form of

u(0lk) € TO]k) == {u(Olk)}, uilk) € TI(i|k) == Co{p/(ilk), uh1(ilk)=Ke/i(ilk) + c(ilk). Ji.; € £;}.i € Ny yyp. (28)

which is constituted by a convex hull of vertices Mflrr(ilk) € R". The current input residual p(0|k) is defined in (T4) and the
vertex of state residual set e/t (i|k) is defined in (24)-(23).
With (28), the future input set that contains all the possible future input in is rewritten as

u(0lk) € V' (01k) := {u(0lKk)}, ui|k) € U (ilk) := Colul(ilk),u"(i|k) = v(ilk) + w/(i|k), ],.; € L;}.i €Ny y_pps (29)
which is constituted by a convex hull of vertices uflif(i|k) € R". The current input u(0|k) is defined in (I1)) and the linear
combination of past inputs v(i|k) is defined in (T3).

The following lemma provides the sufficient conditions to ensure robust constraint satisfaction from the current time k to
future predicted time k + N — 1.

Lemma 1. (Robust constraint satisfaction) For system (I)) with Assumption 1, the constraint @) is robustly ensured from the cur-
rent time k to future time k+ N — 1 if there exist the state and control set sequence { X' (0|k), --- , X(N —-1|k)}, {U°(0|k), -+ , U'(N —
11k)} whose vertices satisfy

Fx(0[k) + Gu(0|k) < 1, Fx/r:(i|k) + Gu/«(ilk) < 1,i € Ny y_1, V., € L. (30)
Proof. This follows from the definition of future state and input set respectively in (26) and (29). O

To guarantee robust constraint satisfaction from k + N thereafter, we need to ensure that the terminal state enters into a robust
positively invariant (RPI) set. Given the polytopic model E and a robustly stabilizing feedback gain K in (TI), we can use the
algorithm from [24] to obtain a polyhedral RPI set Q = {x|Tx < 1} with T € R"r*" for the system (TJ) satisfying Assumption 1
with constraint (2)) and control law u = Kx. The following lemma gives sufficient conditions to ensure that all the possible future
terminal states are constrained in the terminal RPI set.

Lemma 2. (Terminal set) If the vertices of terminal state set satisfy the following condition, then the constraint in (Z)) can be
ensured from the future time k + N to infinity for the system () with Assumption 1,

Tx/'V(N|k) < 1,Y],.y € Ly. .

Proof. This can be derived by using (26)) with i = N and the definition of RPI set introduced in [1]]. O

3.3 | Data-driven cost

In this work, we consider an infinite-horizon quadratic cost function

J(k) = Y\ (" (ilk)Ox(il k) + u” (i k) Ru il k). (32)
i=0
As the system is unknown and true predicted state is only known to lie within the state sets X(i| k), we employ the upper bound
of J(k) as the objective function which can be expressed as a quadratic form of the decision variables.
To define the objective function, we introduce some notations that will be used in the following derivation. Let

z(i|k) = col [z(ilk), z(i + 1]k), -+, z(i + N — 1]k)], v(i|k) = col [v(ilk), v(i + 1]k), --- ,v(i + N — 1]k)], (33)
c(ilk) = col[c(ilk),c(i + 1]|k), -, c(i + N = 1|k)], W (ilk) = col [W (i|k), W (i + 1|k), - , W (i+ N —1|k)], (34)
¢(ilk) = col [z(ilk), w(ilk), e(ilk), c(ilk), W(ilk)] , (35)
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where i € N, and e(i|k) is defined in (7). Define the matrices E, € R™*N"x, E, € R"*N" with
E, :=[1, 0--0],E, =[], 0-0], (36)

such that z(ilk) = Enxg(i|k), v(ilk) = Enuz(i|k), c(ilk) = E, c(ilk), W(ilk) = Enxm(ilk), and shift matrices T, €
RNmxNne T e RNmXNm defined as

0 Inx 0 - 0 0 Inu 0 -0
00 Inx - 0 00 Inu - 0
T,,x= A ,T,,u= N B 37
00 0 - Inx 00 O - Inu
00 0 -0 00 0 -0
such that
20+ 11k) = T, 2(i1k), Wi + 11k) = T, W(ilk), v(i + 11k) = T, v(ilk). (i + 1]k) = T, c(ilk). (38)

The following lemma will derive this data-driven cost upper bound.

Lemma 3. (Cost upper bound) Define a new cost function J(k) = &(k)" M (k)&(k), where £(k) = col [Q(k), l,g(Olk)] [S
N(N=1)

RV NiHm)= 7574 0(0]k) is defined in (34) and 9(k) = col[O(0]k),0(1]k), -+, O(N — 1]k)] with 8(ilk),i € Ny n_y
mentioned in (I3), M (k) is a positive definite matrix with

M (k) = D(k)" PD(k), (39)
where D(k) € RPN (1tm)+nXINX(Ny+n,)= S5+ s defined as
XDiin, 0 0 0 0 0 0
0 X)n, 0 : ) ) ) :
: 0 (X )en, - . 0 : :
0 0 0 :
: : X2 (v, -N+3) 0 0 :

0 0 : 0 (X:(v,-N+2) 0 0
7((?,:7)1?]\,:777707 777777777777777777777777 o o 0 0
0 Uy, 0 0 0 0

0 Ui, - : 0 0
0 0 0
D) = E (Uk_)I:(NL—N+2) 0
0 : 0 Uh:N,-N+1)
(XN, 0 : 0 x(k) 0
0 0 0 I, n
Xin,  ~XDan, 0 0
0 XOin,-1 ~ XN, 0
0 (XZ')] N2 0 0
0 —(X 2N, -N+3) 0 0 :
: : : XN+ ~XDo:v,-N+2) 0 0
0 0 0 0 XD, nay O 0
i (40)

with (X;);.;, (U ). (X)), ., denoting the 1"" to i™* columns of the matrices X, ,U_, X; respectively defined in @)-(7) for
i € Ny, then J (k) > J (k) defined in (32) if the Lyapunov matrix P satisfies

P>y Py +0,VjeN, 41
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where for j € Ny 1),

T, 0 0,0 0,0 0

77077T;“7707‘T707707:76767 E 0 I 0o o] O 0| |E 0 I 0 0
OD="0 "0 9B 0 E ol o=l , n, 4
A $UBT 0 E VL O= g K g 0] 0 RH(} E, K E, o @

0 0 0: Tnu : 0 0 u u u u

0 0 010 0 T,

with ¢ defined in (12), E, , E, and T, ,T, respectively defined in (36) and (37).

Proof. Define y = Z}.Lzl pPyw with pv denoting the convex combination parameter for Assumption 1 such that the true
unknown model [A, B] = ZjLzl pY [A9, BV ,Zle p¥ =1,pY > 0. It is readily known from (I7) and (38) that ¢(i + 1]k) =
w(ilk) where ¢(i|k) is defined in (B3). Let V (i|k) = ¢(i|k)" P¢(i|k). The inequality (#T)) implies P > w” Py + Q, by pre- and
post-multiplication of this inequality by (¢(i|k))! and its transpose and considering (TT)), (T4)-(T3), we have V (i|k)—V (i+1|k) >
||x(i|k)||?2 + ||u(i|k)||§z. Summing this inequalit)i fori = 0,1, -, 00 yields the result that V' (0|k) > J (k). Since (13), (I3)-(16)
and (T8)-(T9) hold, ¢(0|k) = D(k)é(k). Hence, J (k) = V(0]k) > J (k) holds by considering (39). O

3.4 | Overall algorithm

The multi-step input-mapping data-driven RMPC method is formulated as a linearly constrained quadratic program as below,

. T B ~
{c(i|k),e(Ii]l[}clfll,erW,lJ S0 MKk, 5. @) - €9). @8) - BD.- @3)

Algorithm|[I]lists the off-line and online procedures for the input-mapping data-driven RMPC scheme. Figure[I]shows the block
diagram of the proposed IMD-RMPC controller. The feasibility and stability of Algorithm [I|are shown in Theorem 1.

Input-mapping data-driven RMPC (IMD-RMPC)

Data set
Derive state Extract data to X Uk Xi
prediction [ construct [ x(k—1) | u(k—1) x(k) - 7
x(ilk) as (15) | u(i]k) as (11) : : :

x(k—Nyp) | u(k—Np) | x(k— Ny + 1)

N
u(k) = ZH ©(01k)) uk = 1)

solve problem |optimal solution | Compute +Ke(01k) + c(Olk) x(k+1)}
— . Plant i
| (43) input
L e gy f
= the current time instant k = ereeeeereeesseeesnes » between time instant k and k + 1

FIGURE 1 Block diagram of the IMD-RMPC controller

Algorithm 1 Input-mapping data-driven robust model predictive control (IMD-RMPC) algorithm
Offline:
Step 1. Determine the stabilizing feedback gain K, the polyhedron RPI set © and Lyapunov matrix P satisfying Lemma 3]

Online:
Step 1. Compute matrix M (k) and solve problem {3]). Apply input u(k)= [Z[]i’i(e(Olk)),u(k— )] +Ke(0|k)+c(0|k)] to system.
Step 2. Update data set XU, X,:r in (3)-(7) by storing a new record {x(k), u(k), x(k + 1)}, set k = k + 1 and back to Step 1.
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Theorem 1. (Feasibility and stability) For system (I) satisfying Assumption 1 subject to constraint (), Algorithm 1 is
asymptotically stable and recursively admits a feasible solution if (3) is initially feasible.

Proof. Suppose problem (@3)) is feasible at time k. Let ¢*(k) = {c*(0|k), -+, c*(N —1]k)} (c*(ilk) =0 for i € N ), 0%(k) =
{67(0[k), --- , 0" (N—1]k)} be the optimal solution at time k. Denote z*(k) = {z*(0|k), -+, z*(N—=1]k)} (z*(ilk)=0for i € N, y),
vi(k) = {v*(0lk), -, v*(N =1|k)} (v*(ilk) = 0 for i € N, ), as the optimal linear combination of past states and inputs,
W*(k)={W*(0lk), --- , W*(N-1]k)} (W*(i|k) = 0 for i €N, ) as the optimal auxiliary variable defined in (T8)-(T9) at time k.

Define the optimal set of state residual £%(i|k) and state X*(i|k) at time k satisfying (23)-(26)) as follows,
e*(ilk) € E(ilk) = ColeTr*(i]k). Ji.; € L;}.x"(ilk) € X*(ilk) = Co{xT*(i|k). J., € L;}.i €Ny (44)

with £%(0|k) = {e*(0|k)}, X*(0lk) = {x*(0]k)} for i = 0. Denote the optimal set of input residual and input at time k by
IT*(i|k), U*(i| k) which are respectively defined as

w(ilk) € II*(ilk) = Cof uV2)*(ilk), J,.; € L;}, u*(ilk) € U (ilk) = Co{ut*(i]k), jy.; € £,},i €Ny y_p, (45

with IT*(0]k) = {u*(0]k)}, U*(0]k) = {u*(0|k)} for i = 0. The optimal sets IT*(i| k), U *(i| k) satisfy 28)-(29).
Recursive feasibility Firstly, we define the candidate perturbation and linear combination parameter sequence at time k+ 1 as

&k + D={c*(1]k), c*Q2lk), =+, c*(N = 1]k), 0}, é(ilk + 1) = 0,i € N, y, (46)
0k + D={00lk + 1), 01|k + 1),--,0(N = 2|k + 1),0}, (47)
where for i €Njg y_p;, 0(ilk+1) = col [0y, 0" + 1]k)| € RN: " so that (T3), (T€) and (T8)-(T9) respectively give
2(ilk+1) = z*(i + 11k), i €N y_1p, 2Gilk + 1) = 0,i € Ny, (48)
D(ilk + 1D)=v*(i + 1]k),i €N y_yp V(ilk + 1) = 0,i € N, , (49)
W (ilk+ D)=W*@i + 11k),i €Ny y_1;, W (ilk + 1) = 0,i € N . (50)

To construct the candidate set of state residual £(i|k + 1) and input residual I1(i|k + 1), implied by Assumption 1 that there
exists p¥) € Ry y,j € Ny 1), such that

Zle PV =1,[A, Bl = zj%:l PI[AD, BO]. 51)

For the optimal solution defined above in (#4)-(@3), the superscript j,.; € L, denotes the index of polytopic model sequence used
in expressing each vertex of optimal set. For example, the notation eY1:)*(i|k), 1.; € L; implies that the vertex of state residual
optimal set is generated by using model sequence of [AU), BUV], ... [ [AU), BU)] with j, -+, j; € N py. i.e., [AY), BU)] with
t € Ny, is used at predicted time k + ¢ to compute eV1:)*(i|k) in 24)-(23). At time k + 1, the candidate solution is constructed
from the shifted optimal solution from previous time k. Hence, for the purpose of the superscript j,.; € L, aligning with the
shifted constructed solution, in the proof below, we use the superscript (j, j;.;_,) (or only j) with j € Ny /), /1.1 € £y,
denoting that vertex of optimal set is generated by model sequence [AY), BY], [AUD, BUD], ... | [AU-1), BU-1], i.e., the polytopic
model vertices [AY), BY] and [AY), BY)] with r € Ny, ;_,; are respectively used at predicted time k + 1,k + ¢ + 1 to compute
eUJii-0%(ilk) in @3)) (or [AY), BY] is used at predicted time k + 1 to compute e¥*(1|k)) in Z4)) with i € N, n. With (j, J}.,_)),

(24)-(23) are recast as

eD*(1]k) = W*(0lk) + (AY + BYK)e*(0]k) + BY c*(0|k), (52)
V¥ (2lk) = WH(1]k) + (A9 + BUK)eD*(1]k) + BYe*(1]k), (53)
Uit (i 4 11k) = W(ilk) + (A9 + BUI K)eUT-0% (il k) + BYc*(ilk), i € Ny y_1;- (54)

Hence, we intend to use the the optimal vertex eV A 1:-1*(j k) to construct the candidate vertex of state residual set denoted as
&ti-1(i — 1]k + 1), which will be defined next. For the vertices of optimal state and input residual sets at time k,

{e* (01K, e (1K), U721k, -, 0Hn" (N 1K), (e O1), n (LK), ST @1K), -, =" (N = 1K)

satisfying (23)-(23) and (28), the vertices of candidate sets of state residual £(ilk + 1) = Co{é/:i(ilk + 1),],.;, € L;} for
i € Ny (EOlk + 1) = {0]k + 1)}) and input residual Ti(ilk + 1) = Co{@h«(ilk + 1), /., € £} fori € Ny y_y
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(T10]k + 1) = {/i(0]k + 1)}) defined by
GOlk+1) = e"(1lk) = T= | pPeD"(11k), 41k + 1) = p*(11k) = X1, p¥ut(1]K), (55)
Fra(ilk+1) = L1, pPelhi*(i 4 11k), i € Ny y_pp, ik + 1) = X2 pPuli0* (i +11k),i € Ny y_p, (56)
eUrN-tIN(N [k + 1) = (AY%) + BUNVK)e/v-1(N — 1|k + 1), g/:v-1(N = 1|k + 1) = K&~ -1(N — 1]k + 1), (57)
forall ji.n_; € Ly_j.jny € Ny ). satisfy, at time k + 1, the constraints (Z3)-(23) and @8) by considering (@6) and (50).
Analogously, for the vertices of optimal state and input sets at time k
{x*(O1k), XV (1K), xUT0*2[k), -+, xUv-D* (N [K)}, {u O1k), u* (1]K), ulT0* 2] k), -+, ul v (N = 1]k))}

satisfying (26) and (29), the vertices of candidate sets of state residual X(i|k + 1) = Co{&/:(ilk + 1), J;.; € L,} fori € N v,

(B(0]k+1) = {£(0]k+1)}) and input residual (i | k+1) = Co{a (i|k+1), ],.; € £;} fori € Ny y_y; (U (Olk+1) = (a(0]k+1)})
defined by

2Ok +1) = X pPxD*(1k), aOlk + 1) = ¥, pPuP*(1]k), (58)

fha(ilke+ 1) = T pOx0h0™ i+ 11K),i € Ny oy, @Gilk +1) = T pPulhd i+ 11k),i € Ny y o, (59)

U1 (N [k 4+ 1) = (A9 + BUVK)RINv-1((N = 1]k + 1), 2/5v-1(N = 1|k + 1) = K&v-1(N = 1k + 1), (60)

with jy € Ny 7. /1. n_1 € Ly_. satisfy, at time k + 1, the constraints (26) and (29) by considering @8)-@9) and (33)-(G7).
Therefore, given

{x*(01k), xV* (1| k), xUI0*(2] k), -+ , xVTn-D5(N )}, {u* (O], ud (1), w90 (2] k), -+, ulln-2%(N = 1]k)}

satisfying (30)-(31), the constraint (30) holds at time k + 1 by convexity. The constraint (3I) holds as £U-/i:v-2)(N — 1]k +1) € Q
caused by (59) and xU-/i:v-1*(N |k) € Q, and Q is a RPI set for the system (T)) subject to the constraint (Z) with u = Kx. Thus
the candidate solution {¢(k + 1), é(k + 1)} is feasible at time k + 1.

Closed-loop stability The closed-loop stability is proven by showing monotonic decrease of the optimal cost, denote the
optimal cost of problem ([@3) at time k and cost of the constructed feasible solution at time k + 1 respectively as

V(& (k) £ (& (k) MK)E k), V(Ek + 1) & Ek + 1) M(k + DE(k + 1), (61)

where
£*(k) = col [0*(k), 1,c*(K)] . é(k + 1) = col [B(k + 1), 1,é(k + 1)] , (62)
0% (k) = 0°(k),0(k + 1) = 8(k + 1), c*(0]k) = c*(k), 20|k + 1) = &k + 1), (63)

with ¢*(k) = {c*(0[k), -, c* (N — 1]k)},0%(k) = {0*(0]k), -, 0*(N — 1]k)} and B(k + 1),&(k + 1) respectively defined in
(@6)-(@7). Denote the optimal augment vector defined in (33) at time k as

¢*(ilk) = col [2*(ilk), v*(ilk), € (il k), ¢* (il k), W*(ilk)] ,i € Ny, (64)

with e*(ik) € Co{eUi*(ilk), J,.; € £,}, 2*(i1k) = col[z*(i[K), z*(i+1]k), =, 2°(i + N = 1]k)], v(ilk) = col[v*(ilk), v:(i+
L|k), -, v*(i+ N=1]|k)], c*(ilk) = collc*(i|k), -+, c*(i+N—=1|k)], W*(i|k) = col[W*(i|k), W*(i+1]k), - ,W*(i+ N —1]k)]
and define the constructed solution at time k + 1 as

&Gilk + 1) = col [2(ilk + 1), §(ilk + 1), éGi|k + 1), &(ilk + 1), W(ilk + 1)] ,i € Ny, (65)

with é(0|k + 1) and é(i|k + 1) € Co{é/i(ilk + 1), ],., € L} fori € N, respectively defined in (33)-(57),
2(ilk +1) = col [2(i|k + 1), -+, 2(i + N — 1|k + D], W(ilk + 1) = col [W(ilk + 1), ,W(i+ N — 1|k + )], (66)
Wilk + 1) = col [0(ilk + 1), -, 0( + N — |k + 1)], &Glk + 1) = col [é(ilk + 1), -, é(i + N — 1]k + 1)]. (67)

As indicated by (13), (I3)-(16) and (I8)-(19), ¢*(0]k) = D(k)é*(k) and £(0lk + 1) = D(k + DéE(k + 1) hold where £*(k) and
&(k + 1) are defined in (62)). Hence, considering (39) and (61)),

V(£ (k) = (¢*(01k)T Pg*(01k), V (E(k + 1)) = ((Olk + 1)) P&(k + 1). (68)
According to (T7), (38) and implied by {@8), {@8)-G0), (53), ©4)-©7),
SOlk + 1) =¢*(1k) = w¢™(0]k), (69)
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with y = ZJ»Lzl PPy, y) defined in @2) and pV’ satisfying (T). Therefore, since 1) implying P > w’ Py + Q, by pre-
and post-multiplication of this inequality by (¢*(0|k))" and its transpose and considering (68)-(69), and (T4)-(13), we
have V(& (k) = V' (€(k + 1)) 2 [Ix(OIK)Il, + llu(Olk) I, which implies V' (£*(k) = V(& (k + 1)) 2 Ix(O1K)llg + lu(Olk)lI%, >
0,Vx(0lk) # 0,u(0|k) # 0 as Q, R are positive definite. Hence, the closed-loop system is asymptotically stable. O

4 | DATA-DRIVEN INTERPOLATION MODEL PREDICTIVE CONTROL

The proposed Algorithm[T]in Section 3 uses a a linear combination of past inputs and a fixed feedback control gain as the control
policy. The feedback gain determines the size of feasible region and control performance and a choice of one feedback gain need
to compromise these objectives?. To solve this issue, we consider the combination of the IMD scheme and interpolation robust

model predictive control (IRMPC) which combines the advantages of various control laws=",
1 8yh,s 0 7
o T
st %1 0, (71)
0
L »*p QO
Oy (AVQy+BIY)T (020 (R Yy
ADQ, + BVY, o) 0 0 ,
Qq/zgo 0 00 o1 0 >0,/ €Ny (72)
R'/%Y, 0 0 vl
[ §  FQ, GY,
(FO))T 0, 0 [>0,5,<lie N (73)
[ (GY)T 0 Q,

The key idea of IRMPC lies in the interpolation between various control laws. Throughout this paper, we assume the interpolation

between two different controllers. Given the cost index y and reference point x,, the feedback gain can be obtained by solving

and applying K = YOQal, which is introduced in [6]-[7]. Two feedback gains with different specifications of performance,

shape and size of feasible region can be obtained from (70) by setting y,, v, and X1 X, of various value. Two corresponding

polyhedral RPI sets Q,, Q, with Q, = {x|T,x < 1},T, € R"*",r = 1,2 for the system () with the constraint (Z) and feedback

control gain # = K, x can be derived by using the algorithm from [24]. Without abuse of notation, the interpolation index r = 1, 2.
Following [6], the current state can be decomposed into the following form,

x(k) = x;(0]k) + x,(0] k), (74)

where the variables {x,.(0]k)},_;, are decomposition variables and treated as decision variables. We consider the following
control policy which is the superposition of two interpolated inputs u,(i|k) € R",

wilk) = { gz: ZZ :]13 Zg:g - ;é;lrlzlzf,er(ilk) +¢,(ilk), ii EeNNS,V;T_w (75)
where the perturbation sequence is denoted as {c,.(0k), ---, c¢.(N — 1|k)},_; ,, the interpolated linear combination of past input
signals v,(i|k) is revised from by defining two sets of combination parameters 6,(i|k) € RN~/ as

v, (ilk) = lﬁ_i(er(ilk)),u(k =D),i €N n_1), (v, (i]k) =0 for i € Nyy), (76)
the interpolated state residual is defined as
e (ilk) := x,(ilk) — z,(i|k), an
where the interpolated linear combination of past states z,.(i|k) is revised from as follows
z,(ilk) = ;iﬁ_i(er(ilk)),x(k = D,i€Nyp n_1)5(z,(ilk) = 0 for i € N, ), (78)
and the interpolated state residual evolves according to
e (ilk)=W,.(i—1lk)+ (A + BK,) e (i — 1|k) + Bc,(i — 11k),i € Ny, (c,(ilk) =0 for i € N,y), 79)
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where e,(0|k) = x,(0|k) — z,(0]k), W,(i — 1]k) is defined as
Wi —1]k) & 2’1:’:2—"“ [(9,(1' - 11k), - (9,(i|k))P_l] x(k=p+ 1)+ (0,6 — 1K), x(k),i € Njj y_y. (80)
W.(N - 1]k) £ Z,’,ZI_N“ (6,(N = 11K)), x(k = p+ 1), W,(ilk) = 0,i € N, y. 81
Similar to (20), the interpolated state evolves according to
x,(i + 11k) = (A + BK)x,(i|k) + z,(i + 1|k) + W,(i|k) — (A + BK,)z,(i|k) + Be,(i|k),i € N y_1;,7 =1,2.  (82)
With the terminal state feedback control strategy in (73), the interpolated state evolves as
x,(i + 1|k) = (A + BK,)x,(ilk),i € N, 5. (83)

4.1 | Interpolated sate set and constraint satisfaction

In this section, we define the sets of future true and interpolated state and input.We construct a sequence of state sets
{X(0lk), X(1|k), -+, X(N |k)} to depict the future predicted true state as

x(ilk) € X(ilk) = {x(ilk)|x(ik) = x,(ilk) + x5({lk)},i € Nyg x5 (84)

For the interpolated state x,(i|k), we can construct a sequence of interpolated state sets {X,(0]k), X.(1]k), -, X.(N|k)} to
contain all the possible future predicted interpolated state that is defined as follows,

x,(i1k) € X,(ilk) = {x,(i[k)|x,(i|k) = z,(i|k) + e,(i|k)},i € N np,7 = 1,2, (85)

where the linear combination of past states for each interpolated state z,.(i|k) is defined in (78). For the interpolated state
residual e, (i|k) with r = 1,2, we can construct a sequence of sets to depict the future predicted interpolated state residual
{€.(0lk), E,(1]k), -+, E.(N|k)} with the form of

e,(01k) € E,01k) = {e,(01k)}, e,(ilk) € E.(ilk) := Cofel™ (ilk), J.; € L:},i € Ny w1, (86)

with e,(0|k) = x,(0]k)—z,(0|k), z,(0| k) defined in (78). The set £,(i|k) is constituted by a convex hull of vertices eZ‘ i(ik) € R,
The state residual vertex evolves according to

ei(11k) = W,(01k) + <A<fl> + BWK,) ¢,(01k) + BUW¢,(01k), J, € £,,r = 1,2, 87)
with W,(0]k) defined in (80), AY", BY) coming from Assumption 1 and K, obtained by solving (70). For i € Ny, vy, Ji.i.; €
Li.Ji €Ny

el (ilky = Wi = 11k) + (A9 + BUK,) e (i — 1]k) + BYWe,(i = 1]k), r = 1,2, (88)

where W,(i — 1|k) is defined in (80)-(8T).
With (86)-(88)), the interpolated state set in (83) can be further rewritten as, for r = 1, 2,

X,01k) € X,(01k) := {x,(01K)}, x,(i|Kk) € X,(i]k) := Co{x]""(ilk), X\ (ilk)=z,(ilk) + €l (ilk), ]y.; € £;},i € Npp ;. (89)

This implies the set X,(i|k) is constituted by a convex hull of vertices xi‘ “(ilk) € R"~. The linear combination of past states for
each interpolated state z,(i|k) is defined in (78). By using (89), the set of true state in (84) can be further rewritten as

x(ilk) € X(i|k) 1= Co{x/u(i|k), x/v(i|k) = x’;‘”’(ilk) + xﬁ‘”(z’lk),xf‘f"(ilk) € X,(ilk),r =1,2, ., € L;},i €Ny np,  (90)

where x(0|k) € X(0]k) := {x(0]k)|x(0|k) = x,(0]k) + x,(0]k)}.
For the construction of the future input set, we can construct a sequence of input sets {U°(0|k), U'(1]k), --- , U (N — 1|k)}
with r = 1, 2 to depict all the possible future predicted input which is in the form of

u(ilk) € U'(ilk) 1= {u(i[l)|uilk) = u) (k) + uy(i]k)}. i € Njg n_y3- oD

For the future interpolated input, we can construct a sequence of input sets {U,.(0|k), U,(1|k), --- , U,(N — 1]k)} with r = 1,2
to depict the set of all the possible future interpolated input that is defined as follows,

V(ilk) = {u, (10|, (i1k) = v, (i1k) + p, (1K)}, i € Ny y_1po7 = 1,2. (92)
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For the interpolated input residual u.(i|k),r = 1,2, we construct a sequence of sets for the future input residual
{I1,(0]k), I1.(1]k), --- , IL.(N — 1|k)}, constituted by a convex hull of vertices ulvi(ilk) € R", which is in the form of

4,(01k) € TLOK) := {1, (01K)}, u,(ilk) € TL(i|K) = Col " (ilK), ! (il k) =K, &) (ilk)+c,(ilk). ]y, € L}, (93)

for i € Npj y_13» #,(0]k) = K,e,(0]k) + c,(0]k) and e{‘”’(i|k) defined in ([87)-(88). As indicated by (93), the interpolated input
set in can be rewritten as, forr = 1, 2,

u,(01k) € V.(01K) := {u, (01)}, u,(i]k) € V(ilk) := Co{w)*(i[K), ],.; € Loyl (1K) =v,(ilk)+ " (i1)},i € Npy yoays (94)

which is constituted by a convex hull of vertices u’*(i|k) € R™. By using (94), the true input set in (9T) can be rewritten as a
set constituted by a convex hull of vertices u/t:i(i|k) € R", which is in the form of

u(0lk) € U (0lk) = {u(0]k)|u(0|k) = u;(0]k) + u,(0]k)}, 95)
wilk) € U'(ilk) == Co{ul(ilk),u(i|k) = u]"(i|k) + u) " (il k), 1] (i1 k) € U, ilk),r = 1,2, J1.; € £;},i € Ng y_y)- (96)

Lemma 4. (Robust constraint satisfaction) For system (I) with Assumption 1, constraint () is robustly ensured

from the current time k to future time k + N — 1 if there exist interpolated state and control set sequence
{X.(0lk), -, X.(N — 1]k)}, {U,(0]k), --- , U.(N — 1]k)} whose vertices satisfy
FY x0k)+G ¥ uOlk) <1, ©7)
FY2 Xk +G X2, ul(ilk) < 1,i € Ny y_p, Vi, € L. (98)
Proof. This lemma follows from the definition of future state and input set respectively in (90) and (93)-(96). O

The following lemma gives sufficient conditions to ensure that constraint (2 can be satisfied from the predicted time k + N
to infinity.

Lemma 5. (Interpolated terminal set) If the vertices of interpolated terminal state set satisfy the following conditions, then
constraint (2) can be ensured from k + N to infinity for the system (I) with Assumption 1,

T (Nk) < A, V) € Lan X2 4, = 1, (99)
where Q. = {T,x < 1} are two polyhedral RPI sets for system (IJ) with the constraint (2)) and feedback control gain u = K, x.
Proof. This follows from using with i € N, y and (83) and the definition of RPI set introduced in [[]. O

Remark 2. (Enlarged feasible region) The utilization of the interpolation controller will yield an enlarged terminal set
(convex hull of two individual terminal sets corresponding to K, K,) and hence a larger region of attraction.

4.2 | Interpolation cost

According to [6]], the cost defined in (32)) is upper bounded by
T <2 [ 27, 9,001k, w000 22 (X2, 7,00) (100)

where J,(x,(01k), w.(k)) = Y720 [(x,(i1k)T Ox,(i|k) + (u,(ilk)" Ru,(i|k)| with u,(k) = [u,(0lk),u,(1]k), -, u,(c0]k)], is
denoted as J,.(k) to simplify the notation.

Lemma 6. (Interpolation cost upper bound) Define the interpolated cost function J.(k) = (&.(k))" M, (k)& (k), where
& (k) = collf, (k) 1,¢.(k)] with § (k) = col [9,(O|k), 0.(11k), - ,0,.(N — 1|k)] ,0,(ilk) mentioned above (76), c.(k) =
col [¢,(01k), ¢, (1]k), -+, c,(N — 1]k)], and

M, (k) = D(k)" P,D(k), (101)
is a positive definite matrix with D(k) defined in (@0), then J,(k) > J,(k) if the Lyapunov matrices P,,r = 1,2, satisfy
P>y Py +0,.j €N, 1 (102)
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with ¢V = AV + BUK,, E, ,E, and T, ,T, respectively defined in (36) and (37),

T, 0 0,0 00 0
0 T, 0,0 0,00 E 0 I 0 0'[o 0l[EE 0 I 0 0
D=l"09 o0 »2'BO ofr ol o = n, n, ny n,
v = 00 & BT 0 E, 01.0= g g kg 0] [0 RHO e k £ o (109
0 0 0: T, : 0 0 ‘ “ u “
0 0 010 0 T,
Proof. This lemma can be proven in a similar manner as Lemma 3] hence omitted. O

The input-mapping data-driven interpolation RMPC is formulated as the following linearly constrained quadratic program,

232 [0 M, (k) (K)]

ieNjg N1 bmi2

s.t. (7). 88) — ©0). ©3) — [©9). (104)

Algorithm2lists off-line and online procedures for the input-mapping data-driven interpolation RMPC scheme. Figure 2]shows
the block diagram of IMD-IRMPC controller. The feasibility and stability of Algorithm [2]is shown in Theorem 2]

min
{x,(01k),{c,(ilk),0,(ilk)}

Input-mapping data-driven interpolation RMPC (IMD-IRMPC)

Data set
Derive state Extract data to Xi Ui Xi
prediction |f construct || ¥(k—1) | u(k—1) x(k) . _
x(ilk) as (84)| | u(ilk) as (75) : : :

1

1

1

1

1

: . : .
1

! x(k—Np) [u(k =Ny | x(k =N, +1)
1

1

1

1

1

1

1

1
1
1
|
1
2 Ny
=3 [2, @omn
1
1
1

solve problem optimal solution Compute | u(k =D+ Ke,(01k) + ¢ 01)] x(k+1)
— - Plant i
1 (104) input
I e e T o o o e e o o o o o e e e e e e e - ———— e o o o o o -
————> the current time instant k =~ serrreeeereesseesennes » between time instant k and k + 1

FIGURE 2 Block diagram of the IMD-IRMPC controller

Theorem 2. (Feasibility and stability) For system (I) satisfying Assumption 1 subject to constraint (Z), Algorithm [2] is
asymptotically stable and recursively admits a feasible solution if (T04) is initially feasible.

Proof. For not abuse of notation, the interpolation number is taken as r = 1, 2. Suppose problem (I04) is feasible at time k. Let
¢, (k)={c;(0[k), -+, c; (N =1]k)}(c; (i|k)=0,i €N, ), 07 (k) = {6 (0]k), -+, 6, (N —1]k)} (105)

be the optimal solution at time k. Denote z;/(k)={z(0|k), -+, zX(N|k)} (z:(ilk)=0for i € N, ), vi(k) = {vi(0]k), -, vi(N—
1|k)} (vi(ilk)=0fori € N, ) as the optimal linear combination of past states and inputs, W7 (k)= {W *(0|k), --- , W *(N-1|k)}
(W *(ilk)=0 for i € N, y) as the optimal auxiliary variable defined in (80)-(8T) at time k. Define the optimal set of interpolated
state residual £7(i|k) and state X7 (i|k) at time k respectively satisfying (86)-(88) and (B9 as follows,

e (ilk) € EX(ilk) = Cofe (k). ., € L}, x"(ilk) € X*(ilk) = CofxV " (ilk), ],.. € £,},i € Ny np» (106)

with £7(0]k) = {eX(0]k)}, X*(0]k) = {x(0]k)} for i = 0. Denote the optimal set of interpolated input residual and input at
time k by IT%(i|k), U7 (i|k) which is defined as

p(ilk) € T(ilk) = Col u ™ (ilk), Jy.; € L}, u(ilk) € U (ilk) = Colul ™ (ilk), J,.; € L£;},i € Nig y_11»
with H;*(Olk) = {y;*(Olk)}, U‘r*(0|k) = {uj(Olk)} for i = 0. The optimal sets Hj(ilk), U‘r*(ilk) satisfy @)@)
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Recursive feasibility Firstly, we define the candidate perturbation and linear combination parameter sequence at time k+ 1 as

&k + D={c’(1]k),c*(2[k), -+, c'(N = 1]k),0},8,(ilk + 1) = 0,i € N, v, (107)
0, (k + D={0 (0lk + 1),0, (1]k + 1),-,0 (N = 2]k + 1), 0}, (108)
where for i €Ny y_p;. 0,(ilk+1) = col [0,,,,0%(i + 1|k)] €RN:~ so that (76), and (80)-(8T) respectively give
2 (ilk+1) =z + 1]k),i € Ngy_1p, 2,(ilk +1) = 0,i € Ny, (109)
0 (ilk+ 1) = vi(i + 11k),i € N y_y;. 0.(ilk + 1) = 0,i € Ny, (110)
W (ilk+ 1) = Wi + 11k),i € N y_y, Wik + 1) =0,i € N, . (111)

To construct the candidate set of interpolated state residual é’,(i |k + 1) and input residual fI,(i |k + 1), we first define these two
sets as follows,

& (ilk +1) = Co{&l (ilk + 1), J1., € L}, € Ny [LGIk + 1) = Cof @ (ilk + 1), ], € L1 i €N oy (112)
£,0lk + 1) = {&,0lk + D}, IL(0lk + 1) = {4,(0lk + 1)}.

Similar with the discussion after (]S_TI) in Theorem 1, we use the notation (j, f, i—1) to replace (f] ) with j € Ny ), fl i1 €
L;_1,]i.; € L; in defining the vertices of optimal sets at time k for notational clarity in defining the constructed solution at time
k + 1, i.e., respectively using eV”*(1|k) and ”/"*"*(i| k) to replace e(J‘)*(llk) and e(“ P*(ilk) with i € Nin-

The vertices of optimal interpolated state and input residual sets at time k defined as

{e"(0]K), €9 (1]K), €U0 (2[), -+, TNV (N [y}, {2 O1K), " (1K), I T0* 21k, -+, ¥ (N = 1]k},

satisfy (86)-(88) and (©3). Similar to the construction of & o1 (ik + 1), 47 (il k + 1) in (3)-(37), it can be similarly verified that
the vertices defined by

8,0k +1) = er(1]k) = X, pPel"(11K), 4,01k + 1) = wi(11k) = X1, p9 " (11K, (113)
ik + 1) = ) DTG 1K), i€ Ny oy, AL Gk + 1) = T pu TG4 11k), i € Njyy_a, (114)

with p¥’ satisfying (31) and j,.; € L,
TN (N Tk 4 1) = (AU + BIVK )N (N = 1]k + 1), g (N = 1k + 1) = K& (N = 1]k + 1), (115)

forall j;.y_; € Ly_1.jn € Npj g, satisfy, at time k + 1, the constraints (86)-(88) and (93) by considering (T07) and (TTT).
To construct the candidate set of interpolated state 2?,(1’ |k + 1) and input 17,(1’ |k + 1), we first define these two sets as follows,

X (ilk+1)= Co{”l (ilk+1),j,., €L}, i€ NH,N],U’,(ﬂk +1)= Co{ﬁf‘”‘(i|k +D.J1, €L i €Ny
X.(0lk+ 1) = {£,0]k+ D}, U.(0lk + 1) = {a,(0]k + 1)}.
And the vertices of optimal interpolated state and input sets at time k defined as
(xEO1K), X (11K), XU (@1k), -+, xTN (N (1 O1), ™ (1), ul T @1K), -, ul TV (N = 1K)},

satisfy (89) and (94). Similar to the construction of &/u:i(i|k + 1), /v (i|k + 1) in (58)-(B0), it can be verified that the vertices
defined by

£,0lk+1)= ¥ pPxI* (1K), 2,01k + 1) = T pPul™(1]), (116)
Gk + 1) = T pOxIT G+ 11k, € Ny v, a7 Gl + D) = T pOu T G+ 11k €Ny vy (117)
RNk + 1) = (AU + BUVK RN (N = Lk + 1,20 (N = 1]k + 1) = K& (N = 1|k + 1)
with ji., € L, jn € Ny 17.J1.y_1 € Ly_y. satisfy, at time k + 1, the constraints (89) and (94) by considering (T09)-(TT0) and
(T13)-(T13). Therefore, given
(X701, X (L), XTIk, -, x4V (N 1K), (a7 01, u (L), " 1R, -l P2 (N = 1100}
satisfying (©7)-(@9). the constraint [@7)-(@8) hold at time k + 1 by convexity. The constraint (@9) holds with A*(k + 1) = A*(k)

as RINVYN = 1k + 1) € A*(k)Q, caused by (T17) and x(J Jiow- VX(N k) € A¥(k)Q,, and Q, is a RPI set for system (T)) subject
to the constraint (2) with u = K,x. (74) is ensured by noting x(k + 1) = Z}L: pPxD*(1]k) with pY satisfying (31) and
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xV*(1|k) defined in (90) with j, = j and £,(0|k + 1) = ZJ,L=1 p9xY*(1]k) holds by construction. Thus the candidate solution

{x.0]k + 1), ir(k +1),¢.(k+1), ér(k +1)},_,, is feasible at time k + 1.
Closed-loop stability The closed-loop stability is proven by showing monotonic decrease of the optimal cost, denote the
optimal cost of problem (T04)) at time k and cost of the constructed feasible solution at time k + 1 respectively as

VE R EWR) 2T VE®RLVER+1D) 2T V,E K+ 1), (118)

with V,(&5(k)) = (& ()" M (k)& (k). V(€ (k + 1)) = E,(k + 1)T M, (k + Dé,(k + 1),
£*(k) = col [0%(k), 1,¢*(0]k)] ,&,(k + 1) = col [§ (k+1),1,¢ (Olk + 1)] , (119)
0%(k) = 0%(k), 0, (k+ 1) = 0,(k + 1), c*(0lk) = ¢ (k). ¢, (Olk + 1) = &.(k + 1), (120)

with 07(k), ¢(k) and 0, (k + 1),&.(k + 1) respectively defined in (T03), (T07)-(T08). Denote the optimal interpolated augment
vector revised from (B3)) at time k as

¢F(ilk) = col [zX(ilk), vi(ilk), €} (ilk), (il k), W (k)] , (121)

with e*(i|k) € Co{éﬁi‘”)*(i|k),j1:,. € L.}, 2:(ilk) = col[zX(ilk), z'(i + 1]k), -+, z*(i + N=1|k)], vi(i|k) = col[v*(i|k), v (i+
k), -, v¥(i+N-1|k)], j,.; € L}, ci(ilk) = col[ci(ilk), -+, ci(i+N—-1|k)], W (i|k) = col[W (ilk), W (i+ 1]k), -, W (i+
N — 1]k)] and define the interpolated constructed solution at time k + 1 as
S.(ilk+1)=col [gr(ilk + 1), 9 (ilk + 1),é,(ilk + 1), ¢ (ilk + 1),K/r(i|k + 1)] , (122)
with é.(ilk+ 1) € Co{é{“"(ilk +1),j,.; € L£;} fori €Ny, and é,(0]k + 1) defined in (TT3)-(TT3),
2(ilk+1)=col [2,(ilk+ 1), ,2,(i+ N — 1|k + D], (ilk + 1) = col [6,(i|k + 1), -, &.(i + N — 1|k + 1)] , (123)
U (Gilk+1) = col [,Gilk + 1), -, 0, + N = 1|k + D], W.(ilk + 1) = col [W,(ilk+ 1), ,W,(i+ N — 1|k + D] . (124)
As indicated by (76)-(78) and (80)-(B1)), ¢*(0k) = D(k)&*(k) and ¢,(0]k + 1) = D(k + 1 (k + 1) with &*(k) and E(k+1)
defined in (TT9). Hence, considering (I0T)) and (TT8),
V(& (k) = (¢FO1k)T P (O[K), V(€.(k + 1)) = (&,(0lk + 1)" P&, 0]k + 1). (125)
From (79), (107), (109)-(IT1), (I13), (I21)-(124) and noting that T,, , 7, defined in (37) satisfy z*(1]k) = T, z(0[k), W (1]k) =
TnXEr*(Olk),g";(l |k) =T, v:(0lk), ci(1]k) = T, c;(0|k) which is similar with (33),
& Olk + 1) = ¢ (1]k) = y,¢(0k), (126)

withy, = ZjLzl PP,y defined in (T03) and p satisfying (3T). Therefore, since (T0Z) implying P, > y” Py, +Q,, by pre-
and post-multiplication of this inequality by (¢*(0[k))" and its transpose and considering (75), (77), (I23)-(126) and E, , E,
defined in (36) satisfy z*(0|k) = E, z(0[k), v:(0k) = E, v:(0[k), W,*(0[k) = E, W*(0[k), we have V,(& (k)= V,(&,(k+1)) >
||xr(0|k)||2Q+||u,(0|k)||i which implies V(&7 (k))—V,.(£[ (k+1)) > ||xr(0|k)||2Q+||Mr(0|k)||i, V(& k), E(k)—V (&) (k+1), &5 (k+
DN [||x,(0|k)||2Q + ||u,(0|k)||§] > 0,Vx,(0]k) # 0,u,(0]k) # 0(x(k) = x, (k) +x,(k) # 0, u(k) = u,(0]k) +u,(0]k) # 0)
as O, R are positive definite. Hence, the closed-loop system is asymptotically stable. O

S | NUMERICAL EXAMPLES

In this section, we demonstrate the advantages of our proposed data-driven methods by two examples. First, the proposed data-
driven controller is applied to a four dimensional system. We show that our proposed scheme can achieve desirable control
performance with good computational efficiency (Section 5.1). Next, we show the potential of our proposed scheme in controlling
nonlinear plant through a CSTR chemical process benchmark example (Section 5.2).
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Algorithm 2 Input-mapping data-driven interpolation robust model predictive control (IMD-IRMPC) algorithm
Offline:

Step 1. Choose the cost indexes y; and y, and two reference points x,; and x,,, use (70) to calculate the stabilizing feedback
gains { K, K, } and apply the algorithm in to calculate the corresponding polyhedral RPI sets {€2,, ,}. Compute
the Lyapunov matrices P;, P, satisfying Lemma 6}

Online:

Step 1. Compute matrix M, (k) and solve problem (T04). Apply input u(k) = Zle [Zfiﬁ (0,01k))u(k — 1) + K,e, (0] k) + cr(0|k)]
to system.

Step 2. Update data set X, ,U._, X; in (3)-(7)) by storing a new record {x(k), u(k), x(k + 1)}, set k = k + 1 and back to Step 1.

6 {1 |3 p-1rRMPC [ IMD-IRMPC
[CJIMD-K, 207 [ IMD-K,
5r 1 | IMD-K; I IMD-K;
[ ]IMD-1-step 15} [ 1IMD-1-step
o 4 [ 1 el
8 8
237 2107
E E
5 L
1+t
of or
0 5 10 15 5 0 5 10 15
state zo state x;
(a) The x, — x5 cross section of feasible region (b) The x; — x, cross section of feasible region

FIGURE 3 The comparison of feasible region under IMD-IRMPC, IMD-K, IMD-K, and IMD-1-step. (a): The x, — x; cross
section of feasible region with (x,, x,) = (1,2) (b): The x, — x, cross section of feasible region with (x,, x3) = (7,5) In (b), the
x; — x4 cross section of feasible region of IMD-1-step is empty (contains no points)

5.1 | Example 1: numerical example
We apply our method to the following fourth-order system. The discrete time state space model is in the form of

x(k + 1) = (Ag + ADx(k) + (By + ADu(k), [AT, A%] € E 2 Co([A, A1, [AT, AT},

0.8623 0 0.1472 0 0.0647 0
s 0 08359 0 0.1052 B 0 0.0647
71 o 0 06434 0 |""°7 | 0o 0.0680]|
0 0 0 0.8130 0.0619 0
00 -0.1177 0 00 0.1177 0 0 0 0 0
A _ 00 0 0 AQ _ 00 0 0 A _ 0 0 AQ _ 0 0
A 00 03163 0’"4 |00 —=03163 078 ~ [0 —0.0204|" "8 ~ [0 0.0204|
00 0 0 00 0 0 0 0 0 0
A = 4y +AY, AP = 4, + AD, BY = By + A, B = B + A}

The constraints of the system are
U = {u € R*| —42.7506 < u, < 17.2494,-30.5563 < u, < 29.4437},
X = {x € R*| = 6.4033<x, < 14.0967, —3.0544 <x, < 17.4456, —0.1144 < x5 <24.3856, —2.5748 < x,<20.9252}. (127)

The weighting matrices are Q = diag{20,0.01,200,0}, R = 0.0011,. The data length and control horizon are chosen as
N, = 4, N = 2. For the input-mapping interpolation RMPC algorithm (Algorithm2), we firstly solve to get two feedback
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FIGURE 4 The comparison of state evolution starting from x, = (2,1, 1, 2)T under IMD-IRMPC, IMD-K 1» IMD-K, and their
robust counterparts IRMPC, RMPC-K,, RMPC-K,. (a): Trajectories of state x;. (b): Trajectories of state x,. (c): Trajectories
of state x5. (d): Trajectories of state x,

TABLE 1 Comparison of accumulated cost between robust and data-driven methods for Exampe 1

Initial state IMD-IRMPC  IRMPC  IMD-K, RMPC-K, IMD-K,  RMPC-K,

xo=(2112)" 389.3 474.0 388.5 4737 390.2 4713

gains with different properties. For the tuning parameters in (70), we set the cost indices and the reference points of the high
performance and low performance feedback respectively as y; = 10000,y, = 14600 and X, = (135,35, 10, 8)T s Xpy =

(111,24,0.01,5)". By solving (70), the resulting high-gain and low-gain feedback controllers are respectively selected as K; =

[—2.5141 —0.0808 —2.2485 0.1793] K, = [—1.6614 —0.0879 —0.2392 —0.3194
0.2034  0.0093 —5.8007 0.3582] > 2 = [-0.0518 0.0537 —4.2735 0.0693 1*

The feasible region of our proposed data-driven methods IMD-K, IMD-K, (Algorithm [T| with two feedback laws K, K),
IMD-IRMPC (Algorithm [2} IMD-interpolation robust model predictive control) and IMD-1-step (IMD method with control
horizon N = 1in [22]]) is shown in Figure[3] Since it is difficult to plot the feasible region for 4 dimensional system, we randomly
choose some points within the constraint admissible region, respectively fix x;, x, and x,, x5 and plot the x, — x5 and x; — x4
cross sections of feasible region. It can be observed that IMD-IRMPC enlarges the feasible region of IMD-K,; and IMD-K, as
a result of the interpolation between two control laws K, K, as stated in Remark@ And due to the fact that ellipsoid invariant
set deals with the asymmetric constraint of state x; defined in (I27) conservatively by treating it as a symmetric constraint
(i.e., —0.1144 < x; £0.1144), IMD-1-step has a relatively small attractive region on x, — x; plane with the fixed coordinate
(xy,x4) = (1,2) and even infeasible on x; — x, plane with the fixed coordinate (x,, x3) = (7,5). Since its attractive region is
negligible and near the origin, we do not perform comparison with IMD-1-step in this example but in Example 2.
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TABLE 2 Comparison of accumulated cost and average (total) computation time between data-driven controllers for Example 1
(- = infeasible)

IMD-IRMPC IMD-K, AMPC-K, AMPCs-K, IMD-K, AMPC-K, AMPCs-K,
Time/s Cost Time/s Cost Time/s Cost Time/s Cost Time/s Cost Time/s Cost Time/s Cost

Initial state x

(5645)T  0.0082 6095.6 - - - - 0.0070 6095.6 3.28 6097.4 022 6841.7
(2112)T  0.0083 389.3 0.0075 388.5 3. 38 3908 022 4400 0.0069 3902 329 3911 020 4510
(107 6 12)T 0.0085 17466 - - - - - - - - - - - -

TABLE 3 Comparison of computation efficiency between online data-driven controllers with initial state x, = (2, 1,1,2) for
Example 1

Algorithm IMD-IRMPC IMD-K, AMPC-K, AMPCs-K, IMD-K, AMPC-K, AMPCs-K,
Updating time(s) 0.0009 0.0007 331 0.14 0.0007 3.23 0.14
Solving time(s) 0.0074 0.0068 0.07 0.08 0.0062 0.06 0.06
Total time(s) 0.0083 0.0075 3.38 0.22 0.0069 3.29 0.20

5.1.1 | The comparison with RMPC methods

In this subsection, we compare the performance of our proposed data-driven methods IMD-K |, IMD-K, (Algorithm [I] with
two feedback laws K, K,), IMD-IRMPC (Algorithm [2} IMD-interpolation robust model predictive control) and its robust
counterparts (RMPC-K;, RMPC-K,, IRMPC) introduced in [6].

To compare performance, we select an initial state x, = (2, 1, 1,2)" and the state trajectories of different methods are shown in
Figure[] It can be seen that the proposed IMD-IRMPC converge faster than its counterpart IRMPC, which also applies for IMD-
K, and IMD-K, compared with their robust counterparts. Moreover, as the feedback controller of K| is designed to have better
performance than K,, IMD- K| performs better than IMD-K, and IMD-IRMPC achieves almost the same desirable performance
with IMD-K . Further, Table|lists the accumulated cost index which is denoted as J, = ). k““’(xT(k)Qx(k) +u” (k) Ru(k)) with
T,,., = 25 denoting the simulation time. It can be readily seen that the proposed input-mapping data-driven methods improve

step
the performance of robust methods.

5.1.2 | The comparison with online data-driven MPC methods

In this subsection, we make a comparison between two online data-driven methods in terms of closed-loop performance and
computation efficiency, namely our proposed input-mapping data-driven methods and AMPC (adaptive MPC) approach in [8]]
which uses online measurements to reduce the size of polytopic model set in [@). As the AMPC is based on the fixed feedback
gain, AMPC-K,| and AMPC-K, are both taken into comparison. And the simplified version of AMPC, denoted as AMPCs-K
and AMPCs-K, (which is introduced in [|8] to simply update model set without recomputing the terminal set and Lyapunov
weighting matrix), are also considered. To give a fair comparison, the control horizon in these two approaches are kept the same
as mentioned above, N = 2. The same prior polytopic set E in (@) is adopted in all cases.

To compare control performance and computation efficiency, we select three initial points, respectively x, =
(5,6,4,5)7,(2,1,1,2)T and (10,7, 6, 12)". The performance is evaluated through an accumulated cost for T ,,,, = 50 time steps.
To assess the computation efficiency, the average (total) computation time over 50 time steps is measured which includes the

step

time spent for online learning (in updating the estimated model, model uncertainty set, terminal set and Lyapunov matrix for
AMPC and updating the data set X, .U, X/ * in (B)-(7) for the proposed IMD methods) and solving the optimization problem.
The results are reported as follows Table [2] shows the performance and average (total) computation time with regard to
different initial points under IMD-IRMPC, IMD-K,, IMD-K,, AMPC-K,, AMPC-K,, AMPCs-K, and AMPCs-K,. As can be
seen from Table [2] the methods based on one feedback gain K,(r = 1,2) are infeasible for some initial points or only one K,
provides a feasible solution while the proposed IMD-IRMPC always provides feasibility due to the enlarged attractive region. We
also observe that IMD-IRMPC, IMD-K, and IMD-K, can achieve superior control performance and computational efficiency
simultaneously compared to AMPC-K;, AMPC-K,, AMPCs-K; and AMPCs-K,. And AMPC-K, with r = 1,2 improves the
control performance of AMPCs-K, at the cost of more computation burden which includes not only updating the estimated
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FIGURE 5 The comparison of state evolution starting from initial state x, = (2, 1,1,2)7 (left) and x, = (5,6,4,5)T (right)
under IMD-IRMPC, IMD-K, IMD-K,, AMPC-K,, AMPC-K,, AMPCs-K, and AMPCs-K,

model and model uncertainty set, but also recomputing the terminal set and Lyapunov weighting matrix. It is noteworthy that our

proposed multi-step IMD based methods have much less computation time than AMPC and AMPCs methods by directly using
data to design controller without estimating the model online as in AMPC and AMPCs methods, contributing to the obvious
advantages of both performance and computation efficiency. Table 3 compares the time spent in online updating and solving the
optimization problem between different algorithms. This reveals that the proposed multi-step IMD methods implement online

learning by simply updating the data set X,_.U,", X" as defined in (3)-(7) while AMPC needs to at least update the estimated
model and model uncertainty set for each sampling time. For the time spent in solving optimization, AMPC and AMPCs have

more optimization variables and constraints resulting from the decision variables of tube design and an extending control horizon.
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FIGURE 6 The comparison of state evolution with initial state starting from x, = (-6, 16,7.95, 20)T under IMD-IRMPC,
IMD-K,, PE-DD in the case of nominal plant

TABLE 4 Comparison of accumulated cost and average computation time in the case of nominal plant under IMD-IRMPC,
IMD-K,, PE-DD and non-PE-DD for Example 1 (- = infeasible)

Algorithm IMD-IRMPC IMD-K, PE-DD non-PE-DD
Cost 27307 27307 27602 -
Computation time(s) 0.0074 0.0055 0.0103 -

To display the stabilization performance more clearly, the closed-loop trajectories with two initial points x, =
(5,6,4,57,(2,1,1,2)T over the former 25 time steps are plotted in Figure |S| The closed-loop trajectories of the initial state
xo = (10,7,6,12)T are not shown as only the IMD-IRMPC is feasible for this initial state and convergence to the origin is evi-
dent. It can be seen that IMD-IRMPC, IMD-K, and IMD-K, converge faster than the AMPC-K, and AMPCs-K, methods with
r = 1,2, which clearly verifies the effectiveness of the proposed input-mapping data-driven scheme.

5.1.3 | The comparison with offline data-driven based methods

In this subsection, we make a comparison with an offline data-driven based method, namely the PE-DD (persistently exciting
data-driven) approach which collects a certain amount of offline data satisfying PE condition in [[10], in terms of closed-loop
performance, computation efficiency and robustness in presence of model mismatch.

We perform the comparison under two cases, respectively the nominal and model mismatch. For the nominal case, the
online real model parameter coincides with the model used in collecting data during offline trials, i.e., [A°fline, goffline] —
[Acnline gonline] — [ A(1) B(D] Tn the case of model mismatch, the online model is inconsistent with the model used in offline
trials, i.e., [A"mi“e, B(’fﬂi“e] = [A(l), B(l)] , [A"“““e, B‘mm‘e] = [A@), B(z)]. To give a fair comparison, we replace the min-max
objective function of IMD-IRMPC in (I104) (IMD-RMPC in {#3)) into a nominal cost function to be consistent with PE-DD.
Moreover, to guarantee recursive feasibility and stability, we consider the robust state constraint satisfaction. In consideration
of insufficient data not satisfying PE condition, we also make a comparison with non-PE-DD where the not persistently exciting
data is collected by reducing the data length such that the PE condition is not satisfied.
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FIGURE 7 The comparison of state evolution with initial state starting from x, = (-6, 16,7.95, 20)T under IMD-IRMPC,
IMD-K,, PE-DD in the case of model mismatch

TABLE 5 Comparison of accumulated cost in presence of model mismatch under IMD-IRMPC, IMD-K, and PE-DD for
Example 1

PE-DD
15303

IMD-IRMPC
14161

Algorithm IMD-K,

14161

Cost

To compare control performance and computation efficiency, the initial state is chosen as x, = (-6, 16,7.95, 20)T which is
near the boundary of the feasible region. For PE-DD, the control horizon is set as N = 15 which is the minimal control length
that can provide feasibility for the chosen initial state x,. The length of data is set as N; = 56 which is the lower bound of
data length satisfying the persistent excitation condition. For non-PE-DD, the data length is reduced to N; = 46. The tuning
parameters regarding control horizon and data length of our proposed methods are consistent with Section 5.1.2.

The results are reported as follows. Table[d]shows the comparison between different algorithms in terms of accumulated cost
and computation efficiency. For the performance cost, it can be observed that IMD-IRMPC and IMD-K, have better performance
than PE-DD in the cases of nominal plant. The stabilization performance is plotted in Figure[6] It can be seen that our proposed
methods perform better than PE-DD. The advantage can be explained by noting that a conservative terminal equality constraint
is used in [[10] which requires longer control horizon to provide feasibility and desirable performance. In the case of insufficient
data, non-PE-DD becomes infeasible. This further implies the advantage of our methods over PE-DD lies in that we do not
need to implement offline trials to collect sufficient amount of data satisfying PE condition, making it possible to be applied to
large-scale systems which have are economically expensive to implement offline trials.

To compare computation efficiency, the average computation time is listed in Table ] The results show that IMD-IRMPC
and IMD-K, has better computation efficiency than PE-DD. This is due to the fact that the control horizon of IMD-IRMPC nad
IMD-K, are set as N = 2, much less than PE-DD which requires N = 15 to provide feasibility.

In the presence of model mismatch, as can be seen from Table[5} our proposed methods IMD-IRMPC and IMD-K, both have
better performance than PE-DD. This can be explained by noting that our methods use the readily available prior knowledge
(polytopic model in {@)) and is combined with RMPC technique to provide asymptotic stability for all the unknown LTI system
lying within a given set E defined in (@) which is not considered by [10]. To display the stabilization performance more clearly,

85U8017 SUOWWOD BAIE8.D 3(qedldde ay) Aq peusenob afe sejoie YO ‘8sn JO S9N 10} AIq1T BUIUO A8]IAA UO (SUOIPUCD-PUE-SWL)W00 A8 | Afe.d 1 |Buluoy/:sdny) SUONIPUOD pue swie 1 8y} 88S *[£202/20/6T] Uo Akeiqiauliuo A&[1m ‘sunoge i JO AISeAIUN 8y L Aq 2£29'0UI/Z00T OT/I0P/L00 A8 ImArIq U1 jUO//:Sdny Wol) pepeojumod ‘0 ‘6€ZT660T



Yang ET AL 23
10+ IMD-1-step
[ ] IMD-IRMPC
[—
50 L IIMD-K,

stale xo
o

-101

-04 -03 -0.2 -0.1 0 0.1 0.2
state x,

FIGURE 8 The comparison of feasible region between IMD-IRMPC, IMD-K, IMD-K, and IMD-1-step

TABLE 6 Normalized size of attractive region with respect to different direction for Example 2

Direction IMD-IRMPC IMD-K; IMD-K, IMD-1 step
X 1 1 1 0.757
X, 0.964 0.964 0.796 1

the closed-loop trajectories in presence of model mismatch are plotted in Figure[7} It can be observed that IMD-IRMPC and
IMD-K, converge faster than PE-DD.

5.2 | Example 2: CSTR
Consider the following Continuous Stirred Tank Reactor (CSTR) from [2] with the dynamics:

¢, =L, -C,)-kpela'C
A V Af A 0 A’

—AH -
( )koe(R_?)CA n UA
VpC,

p p

; q

T = ;(Tf -T)+ (T,-T),

where two states C,,T denote the concentration of reactant A and the reactor temperature respectively, control input 7,
denotes the coolant temperature. All physical constants are listed in [2]]. Constraints are X = {[CTA] € R?|0.3mol/L <
C, < 1mol/L,370K < T < 392K},U = {T. € R|250K < T, < 360K}. The target unstable steady point is

x,=(0.7393, 380.7463) . We shift the origin, equivalently derive an LPV model from [25] and adopt the first-order discretization
with the sampling time T, =0.03min. A time-varying polytopic system follows

x(k+ 1) = (Ag + ADx(k) + (By + ADu(k), [AT, AT] € E2Co{[AV, AV, -, [AD, ADT),

[0.9577 —0.0005] [o] o [—0.0131 o] ® [0.0131 o]
= ) 0= A = A = )

07 12.4613 1.0302 0.03 ~ 126208 0f 4 —2.6208 0

*TA
@ _ [0 -0.0002] @ [0 0.0002
AA [ ’AA

0 0.0471 ~ 10 -0.0471
By shifting origin, the constraints for the new defined states are

—0.4393 < x, £0.2607,—-10.7463 < x, < 10.7463, -60 < u < 50. (128)

M _ AD _ AC) _ A _
],AB_AB =aD =AY =0.

The weighting matrices are Q = diag{0.1,40.5}, R = 0.1. The data length and control horizon are settobe N, = 2, N = 2.
To compute two stabilizing feedback gains with different characteristics, the cost indices and the reference points of the high-
performance and low-performance feedback in are respectively set as y; = 10000, y, = 5300 and x,,; = (-0.4 9", Xpo =
(=1 191)". By solving (70), the resulting high-performance and low-performance feedback controllers are respectively selected
as K| = [-60.7186 —8.7233] and K, =[2.6129 —9.2618].
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FIGURE 9 The state evolution under IMD-IRMPC, IMD-K, IMD-K,, their robust counterparts IRMPC, RMPC-K,, RMPC-
K, and IMD-1-step

We compare the feasible region, performance and computation efficiency of our proposed data-driven methods (IMD-K|,

IMD-K,, IMD-IRMPC), their robust counterparts (RMPC-K,;, RMPC-K,, IRMPC) introduced in [6]] and the IMD-1 step (the
input mapping data-driven method with control horizon N = 1 in [22])) . To give a fair comparison, the control horizon in all
those methods are set the same as N = 2. And the data length in IMD based methods are set as N; = 2.

To compare the region of attraction, we display the attractive attraction for four IMD based methods in Figure [8] We can

observe that IMD-IRMPC has a larger attractive region than IMD-K, and IMD-K, as stated in Remark [2} Compared with the
IMD-1-step scehme in [22]], the methods proposed in this paper has a wider feasibility along the negative x, direction due to
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TABLE 7 Comparison of accumulated cost for Example 2 (- = infeasible)

Initial statex, ~ IMD-IRMPC IRMPC IMD-K, RMPC-K; IMD-K, RMPC-K, IMD-l step
(042 —0.8)" 1398.7 14703 13556 1423.7 - - -
(0402 —1.6)" 1585.7 1652.4 - - 1688.5 1740.2 -
(04 1)" 980.0 10368 9418 995.7 1084.3 1128.8 -
(025 -1)" 630.7 654.1 614.7 639.2 677.8 689.6 722.5

TABLE 8 Comparison of average and maximal computation time with an initial state x, = (—0.25, —1) for Example 2

Algorithm IMD-IRMPC IRMPC IMD-K;, RMPC-K; IMD-K, RMPC-K, IMD-I-step
Average Time(s) 0.0088 0.0079 0.0071 0.0059 0.0069 0.0058 0.1288
Maximum Time(s) 0.0099 0.0089 0.0080 0.0067 0.0079 0.0070 0.1744

the use of polyhedral invariant set which can cope with asymmetric constraint of state x, defined in (I28) in a non-conservative
way than the ellipsoid set used in IMD-1-step. The normalized size of attractive region projected onto different axes is shown
in Table [] where the maximum taken for comparison is chosen as the range of physical constraint for each state components

defined in (128).

To compare the closed-loop performance, we select four initial points, respectively x, = (—=0.42, —0.8)7, (—0.402,-1.6)T,
(=0.4, )T, (—0.25, —1)T. The results are reported as follows. Table [7| shows the comparison of accumulated cost with regard
to different initial points for different algorithms. The cost is evaluated through Ja=Z::(‘)’(xT(k)Qx(k) + u” (k)Ru(k)) where
T, = 120 denotes the simulation time. It can be observed that IMD-IRMPC always provides a feasible solution for different
initial points which cannot be achieved for methods based on only one feedback gain. It is also shown that IMD-IRMPC improves
the performance of IRMPC, which also applies for IMD-K; and IMD-K, compared with their robust counterparts. Moreover, it
clearly shows the advantages of the proposed multi-step IMD schemes of IMD-IRMPC, IMD-K, and IMD-K, over the IMD-1-
step scheme due to the increased degrees of freedom. This clearly demonstrates the effectiveness of the proposed muti-step IMD
approach. To display the stabilization performance more clearly, the closed-loop trajectories are plotted in Figure[9} It explicitly
shows that IMD-IRMPC, IMD-K, and IMD-K, show better stabilization performance than other methods.

To compare computation efficiency, Table[8]shows the computation time. It shows that the proposed IMD based methods IMD-
IRMPC, IMD-K and IMD-K, consume a few more computational resources than their robust counterparts IRMPC, RMPC-K
and RMPC-K, due to the increase of optimization variables. In addition, IMD-IRMPC adds a few computation burden to IMD-
K, and IMD-K, due to the use of interpolation control and still has good computation efficiency. It can also be shown that the
multi-step IMD schemes IMD-IRMPC, IMD-K; and IMD-K, have less computation burden than IMD-1-step. This results from
the fact that only a quadratic program is required to be solved online rather than a semi-definite program in IMD-1-step. We

code our program on Matlab 2018a and run our code on Intel Core 17 with 3.30GHz. The optimization is solved by Mosek.

6 | CONCLUSION

This paper proposes two new multi-step input-mapping data-driven MPC methods for constrained control of unknown linear
time invariant systems. By mapping the current and future input to the past online input state measurements, the future state
can be expressed as a linear combination of past trajectories. This multi-step IMD scheme is respectively combined with two
RMPC techniques using polyhedral invariant set. One is the RMPC with a fixed feedback gain and an IMD-RMPC is proposed.
The other is the interpolation RMPC and an IMD-IRMPC is developed. The interpolation RMPC technique can combine the
advantages (performance, size and shape of feasible region) of different feedback gains where compromise is a necessity for the
RMPC technique with a single fixed feedback gain. The IMD-IRMPC has larger feasible region than IMD-RMPC. The recursive
feasibility and stability of the resulting two methods are ensured. By incorporating this multi-step IMD scheme, the conservatism
of two RMPC techniques introduced in [6]] can be reduced, resulting in a less conservative performance. A comparison simulation
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with the AMPC method in [8] shows that the proposed two algorithms can achieve superior performance with higher computation
efficiency. Meanwhile, compared to the PE-DD approach in [[10/12]], our proposed two schemes can deal with model mismatch
(multiplicative uncertainty) which is not considered by [10J12]]. No initially measured trajectories are required in our proposed
methods as in [[10/12]. Compared with the previous work in [22], the IMD-RMPC and IMD-IRMPC methods can deal with
asymmetric constraint and have higher computation efficiency by using polyhedral invariant set. Performance can be improved
by introducing more degrees of freedom through multi-step paradigm.
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