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Abstract: The output tracking problem for a class of sampled-data nonlinear systems exposed
in Nonlinear Block Controllable (NBC) form is faced. This paper considers both matched
and unmatched perturbations. To formulate a desired sliding manifold on which the impact
of unmatched perturbation is attenuated, the Block Control technique combined with the
perturbation estimation, is implemented. A discrete-time sliding mode non-switching controller
is synthesized such that the system state is driven toward a vicinity of the designed sliding
manifold and stays there for all sampled time instants, avoiding chattering and reducing
the matched perturbation effect. The effectiveness of the proposed technique is confirmed by

simulation.
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1. INTRODUCTION

Since modern control systems are implemented by compu-
ters, the stabilisation and output tracking control design
for sampled-data systems remain as important topics of
the Sliding Mode (SM) control theory (Utkin et al., 2009).

The main attention has been payed to reaching control
design and numerous significant results have been obtained
in Furuta (1990); Weibing Gao et al. (1995); Wang et al.
(2009). In the proposed SM reaching laws, the switching
term was preserved from continuous time SM control to
suppress the effect of matched bounded perturbations.
However, this term can produce undesired numerical cha-
ttering phenomenon in the vicinity of the sliding manifold.
This effect was suppressed by implicit Euler discretization
of the discontinuous term in Huber et al. (2016) as well
by the time variation of the discontinuous term parameter
(Chakrabarty and Bandyopadhyay, 2015) or by increasing
the relative degree and correspondingly the order of SM
(Levant and Livne, 2015; Koch et al., 2016).

To avoid the chattering problem, non-switching reaching
controllers has been proposed in Golo and Milosavlje-
vic (2000); Bartoszewicz and Latosinski (2016), including
Equivalent-Control-Based (Utkin et al., 2009) and adap-
tive (Bartolini et al., 1995; Bartoszewicz and Adamiak,
2018) SM controllers. However, as a result of the lack of
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perturbation for calculating the equivalent control, sliding
manifold reaches a boundary layer O(7) with 7 as the
sample period. In order to mitigate this obstacle, in some
researches as Su et al. (2000); Abidi et al. (2007); Sharma
and Janardhanan (2019); Zapata-Zuluaga and Loukianov
(Dec, 2018), an estimator of perturbation using its pre-
vious step has been designed, and an accuracy of O(72?)
in the boundary layer of the sliding manifold has been
achieved.

On the other hand, the design of the desired sliding mani-
fold is of great interest. Basely, a classical linear sliding
manifold has been synthesized for linear time-invariant
(LTT) systems in Utkin et al. (2009); Furuta (1990), and
those with matched perturbation in Wang et al. (2009);
Huber et al. (2016); Chakrabarty and Bandyopadhyay
(2015); Koch et al. (2016). Using multirate ouput feedback
technique, a nonlinear sliding manifold has been formu-
lated in Hou and Zhang (2018), again for LTI systems.

In practice, control plants dynamics are nonlinear and can
be affected by both matched and unmatched perturba-
tions, and the unmatched part affects the SM dynamics.
Therefore, in this case, the central issue is to guarantee
the precision bound for the state regulation or smallness
of the tracking error. This problem has been analyzed in
Abidi et al. (2007), however, again for LTT systems.

This work deals with the aforementioned approach, we
consider a SM output tracking problem for a class of non-
linear systems presented in Nonlinear Block Controllable
(NBC) form (Loukianov, 2002), with both matched and
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unmatched unmodeled perturbations. The considered class
is quite wide and includes, for example, electromechanical
systems (robot manipulators, quadrotors, electric motors
and etc.). The principal aim is, first, using Block Control
(BC) feedback linearization (FL) technique combined with
the perturbation estimation, to design a desired nonlinear
sliding manifold on which the system motion satisfies a
specified transient response, and the effect of unmatched
perturbation on the output tracking error is reduced.
Then, a discrete-time SM controller, based on the equi-
valent control combined with the perturbation estimation,
is formulated such that the system state is driven into a
smaller bounding layer of the designed sliding manifold
and stays there for all sampled time instants, avoiding
chattering and reducing the matched perturbation effect.

It is worth to note that this work can be considered as
a continuation and improvement of the result obtained
in the work Zapata-Zuluaga and Loukianov (Dec, 2018)
where only part of the nominal dynamics is linearized
and, and the rest part is considered as a perturbation.
It the present work, the complete nominal dynamics are
canceled and linearized; as result, the region of attraction
can be incremented. Moreover, in the present work, it is
considered a general structure of the NBC form when the
dimensions of the blocks are different, i.e., n; < n;_1, asin
the considered example, permanent magnet synchronous
motor control design.

2. PROBLEM FORMULATION

Consider a nonlinear uncertain system
z=q(z) + G(x)u+ g(z,t) (1)
y = h(x),
where z € R"™ is the state vector, y € RP? is the output
vector, u € R™ is the control vector, rank(G(z)) = m for
all x € R™ and t > 0, with p < m; the unknown mapping

g(x,t) characterizes external disturbances and parameter
variations.

Assume that the system (1) can be presented (possible,
under an appropriate nonlinear transformation) in the
following NBC form (Loukianov, 2002):
& = qi(T;) + Gi(Ti)Tiv1 + gi(w, 1)
Ty = QT(x) —&—Gr(x)u—i—gr(%t) (2)
y=z1,t=1,...,7m—1,

T o
where x = [xf,zﬂ ,x; € RY, j = 1,...,7;
_ _ T . -
T =21, T = [a:?,,xﬂ ,0=2,...,7 — 1. The indices
niy,...,n, defines the structure of system (2) and satisfies

”
nlgngg...gnrgm,an:n,pznl. (3)
j=1
The matrix G;(Z;) in each block of (2) has full rank,
rank(G;(z;)) =n; Ve e R",j =1,..., 7.
Now, applying explicit Euler method to the system (2),
the sampled-data system becomes
Tikt+1 = [i(@ik) + Bi(Zig)Tiv1,k + di(zk, k) @)
Ty k1 = fr(xk) + Br(zp)ur + dr(zr, k)
yk:{L‘Lk, 2'21,...,7"—1 (5)

where fi(ZTir) = xip + 7¢:(Zik), di(xg, k) = 19i(2k, k)
and Bi(i‘i,k) = TGi(.fi)k), i=1,...,r, with k£ € VARY {0}
denotes the discrete time where Z7* is the set of the
positive integers and xj, 1 k,...,%rk, are the discrete
approximation of x(t), x1(t),. ..,z (t), respectively.

The control objective is to force the output yi (5) to track
a reference signal yzef , reducing the effects of unmatched
di(Zi g, k), ¢ = 1,...,7 — 1, and matched d,(zy, k) pertur-
bations.

This will be achieved in presence of constraint on the input
[u®)]| < wmax; Umax > 0. (6)

The following assumptions are considered hereinafter.
Assumption 1. All the state variables are available for the
measurement.
Assumption 2. The matrix B; (Z; +1) can be decomposed
into two parts: the nominal part B; (Z;41,%) and unknown
part AB; (xg, k), namely

Bi(Zik+1) = Bi(Tis1,x) + ABi(xk, k) (7)
with Bi(jak) = Bi—l(i‘i,k)Bi(-fi,k% k, i=1,...,r—1.
Remark 1. Assumption 2 means that in the expression

Bi(f¢7k+1) = B¢(¢(ji+1,k + di(gjlw k))a

A Ziv1,k) = [i(@ik) + Bi(Zi k) Tit1,k
the nominal part can be distinguished, and the rest part is
considered as a disturbance. This is possible, for example,
in the case of system parameter variations and additive
disturbances.

3. BLOCK TRANSFORMATION

In this section, the concept of Block Control method,
adopted for discrete-time setup, is used to transform the
original system to a desired form. The relation (3) means
n; = N1 or n; < n;41. To include in the design procedure
both cases, we consider the following structure:
n=ng<ng<...<n,=m. (8)

Taking in the account the structure (8), the following
transformation is introduced:

21 = T1k — 01k = P1(T1k)

Zo g = B1(Z1,5)To 6 — a2k = V2(To k) (9)

Zik = Bic1(Zic1 k) @i — ik = 0i(Tik)

1=3,...,7

where z; , is (n; x 1) vector, i =1,...,7;

B; = [ Bi } €R™*™, B;=(B;1B;) € R,

Ei1
Eiq = [O Im,—nifl] € R(nlj_ni_l)xnia 1=3,.,r—1
a1 = y,Zef, sk = K21 — fi(v1k) — dig—1

Kizig — fil@ig) — dij—1

Qjp1,k = 0 , 1 =2,..,r—1

with the design matrices K;, i =1,...,7 — 1.

Theorem 1. Under Assumption 2, using the transforma-
tion (9), the system (4) with the structure (3) can be
presented in the following desired form:

2141 = Kiz1p + 228 + 61k
Zikt1 = Kizip + Einziga e + 0, 0 =2,..,7 =1
Zr k1 = fr(zk) + Br(26)u + dr g

(10)
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— 1,7 T1T _ 3
where z, = [zl7k7...,zr),€] , 0k = djr — djr—1 for

j=1,...,r—1
The proof is given in Appendix.

It is worth to note that the original systems (4) is repre-
sented in the control error system (10) where the nominal
part is completely linearized by the transformation (9),
and the perturbation unmatched terms 6; 5,7 =1,...,r—1
are of the order O(7?).

4. DISCRETE-TIME SLIDING MODE CONTROL

To generate sliding mode in (10), the sliding variable is
chosen as Loukianov (2002) oy = 2, and its dynamics
can be obtained from (10) as

Of4+1 = fr,k + Br,kuk + Uan
with frrx = fr(2k), B = Br(21).

To induce chattering-free sliding mode on o, = 0 reducing
the matched perturbation d, ; effect and considering the
control constraint (6), the control uy is selected of the form

(1)

U = aeq,k - fOI‘ ||ﬂ€‘11k|| S Umax (12)
Umaxugiﬁ for ||tieq k|l > Umax-
with ) ) )
Ueq,k = _Bi,k (frok + dr—1) (13)

where the perturbation d, ;1 can be obtained from (11)

of the form Jnk,l = 0k — fre—1 — By r—1u—1 resulting in
ﬂ/eq,k: = Us,k + Bl,k [_Uk + fr,kfl + Br,krflﬂeq,kfl] (14)
Us k = _Bi,kfr,k~

Applying the control (14) to (11), the closed-loop system
becomes

Okt1 = Ok, Opt = dp g — dp 1. (15)

To analyze stability of closed-loop system (11)-(12) motion
over the manifold o, = 0, let us represent the structure
of system (11) and control (13), by imposing the term

Ok + Vg =0, Yrp = ¥r(i)], —y-1 (s, IO
Okt1 = Ok + Up g + By g + dy i
Ueq,k = —BZ,kUk - B:_’k (Vrpe + drj—1)
where ¥ = fri + Ur.

For the case ||tiegk|l > Umax, it is assumed that the
available control is sufficient to stabilize the system, i.e.

unmx:>sngLBLkHH&nkg%&Lkny (18)

Substituting the control (12) with (17) in (16) yields
unlax(gk + 7/_)7‘,16 + Jr,k—l)
1B (0% + e + drgi—1)|

Ok+1 =0k + 1/_)r,k + Jr,k -

— — umaX
=(or+Vrp+drp) |1 - — — =
HBI,k(Uk + Yrg + dr 1)

+ umaxér,k
||Bi,kak + Vrk + dr k-1 H

Thus,

lokt1ll =llok + Yrk + dr—1 + 6 k|| X

umax
1— — = -
( ||Bi,k(<7k + Uik "‘dr,k—l)”)
umax(ST
+— ok
||Br,k(0k + g+ drg—1)]|
umaxHér,k,H
||Bi7k(7k + Yr e+ drg—1]|
. umax||0k + ’lZ)r,k + d_r,kfln + Har,kH
IB! 4 (0% + e + drea)|

_ - Umax
<llowll + lltbrr + drill = =5
1B,

=|low + %/;r,k + Jr,k” +

< lol

(19)
due to (18). Thus, as [0 || decreases monotonically, g,k
(17) does too, and there will be a time instant k such that
lteq kll < Umax, for & > k. At this time, the equivalent
control @eq (13) or (14) is applied, bringing the closed-
loop system trajectory in an O (72)-neighborhood of the
sliding manifold (Su et al., 2000), i.e.

lowll = O, k> k

achieving quasi-sliding mode.
Remark 2. Stability analysis (19) can be considered as an

extension for the perturbed systems of the results obtained
in Bartolini et al. (1995) for the nominal case.

5. SLIDING MODE DYNAMICS

Now, SM dynamics will be investigated, i.e. when the
closed-loop system motion appears in the O(7?) vicinity
of the manifold o}, = 2, ; = 0. This motion is governed by
the reduced SM equation derived from (10) and (15) as
2141 = K121+ 228 + 01k
Zik1 = Kizi g + Ei 121,56 + Ok, i=2,..
Zr_1 k1 = Kr12zp 1o+ B 1108 + 01k

r—1

or in compact form
zrfl,qul = Aszrfl,k + 6k (20)
_ T
where Z,_1 1 = [lek z;k erl,k} and

I, = subdiag(l,,, ..., L, _,),
As = diag(Ky, ..., K1) + 1,

.
S = [0 s (O 4 4 + 0]

Then, a solution of the system (20) is defined by
k—1
Zoo1g = ARz 10+ ZAi(skfz%L
i=1

Since Ay is a Schur matrix, the steady state solution can
be estimated by

k-1
2r—1.6ll < Z||A2|H|5k—i—1”~

i=1

(21)

From &; = O(7?), i = 1,...,7 — 1 and |ox|| = O(7?) it
follows d; = O(72). Selecting the poles of order O(1) of
the matrix A, yields

1Z:-1.6]l = O()O(7?) = O(7?), (22)
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resulting in the tracking error z1 ; (9) ultimate bound
l1,6ll = O(72). (23)

The obtained results are formulated in the following the-
orem.

Theorem 2. Consider the robust tracking problem for the
system (4) with the output (5) and the constraint control
input (6). Let Assumption 2 with condition (18) are
satisfied. Then, a solution of the system (4) closed by the
control (12) with (14) is ultimately exponentially bounded
by (22), and the tracking error z;j defined in (9) is
ultimately bounded by (23).

6. SIMULATION RESULTS

To show the effectiveness of the proposed approach, the
permanent magnet synchronous motor (PMSM) control
design problem is considered, and a simulation is carried
out. The mathematical model of PMSM in the rotor
reference frame is presented as follows (Zhang et al., 2019):

6= nyw
1 /3

w = j <2npAqu — BULU — TL>

. 1

g = 7 (Va — Rig + Lnywiy)

. 1
lg = 7 (Vg — Rig — Lnpwiq — Afnpw) ,

where w is the rotor angular velocity; ¢q and i, are d-
and g-axis stator currents, respectively; V; and V, are
d- and qg-axis stator voltages, respectively; T, is the load
torque; n, is the number of poles-pairs, equals 6; R is the
stator resistance, equals 6.992; L is the stator inductance,
equals 21mH; Ay is the magnetic flux linkage, equals
0.3342Wb; J is the moment of inertia, equals 0.002kgm?;
B, is the frictional coefficient, equals 0.0014N m s/rad. The
control objective is to realize tracking of a given desired
rotor position reference signal oy = sin(4nt)rad under an
unknown load torque, assumed as

ONm 0<t<0.5
T, = < 0.5sin(207t) + 0.5N m 056<t<L1 (25)
0.5Nm other case,

Applying the explicit Euler’s method to discretize the
system (24), yields !

T1 k41 = T1,k + 122k

T2 k41 = To,k + Q22 + Baxs i + da

T3 kp+1 = T3k + Tf3(xk) + TBsug + d3 i

Yk = T1k

with b; = TNp, d27k = Aazl’gyk + ABng,k — hTTL, dg’k =
Afs ,+ABsuy, and: where Aag, ABy, Afs ), and ABs, are
parametric perturbations in as, Bs, f3(xx) and Bs, respec-
tively. 7 = 1ms is the sampling time, 11 = 0, T2 = Wi
and x3 5 = [iqk iqyk]T are the discrete approximation of
0(t), w(t) and [ig(t) iq(t)}T7 respectively. Note that the
blocks in this example fulfill (8), i.e. ny =ng =1<ng =
m = 2, where n; = dim(x;), for i =1,2,3

(26)

I Due to space limitations, the expressions as, B2, f3(zx) and Bs
are omitted. For more details of those functions see Zhang et al.
(2019)

=0
—-Reference|

0 0.5 1 1.5
Time Is]

Fig. 1. Rotor position response 6(t) with proposed con-
troller.
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Fig. 2. Rotor angular velocity response w(t) with proposed

controller.
%10
4 ]
2 .
<o }
-2 i ‘ ]
0 0.5 1 1.5
Time [s]
%1077
1 ]
20
-1 ‘ -
0 0.5 1 1.5
Time [s]

Fig. 3. (a) Sliding variable oy, (b) zoom of the same graphic
on (a).
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Fig. 4. Control input V; applied to the system.

Parametric variations are considered in J and L as follows:
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Fig. 5. Control input V;, applied to the system.

In t<0.1
J={ =5J,(t—01)+J, 01<t<0.2
0.9J, t>0.2
(27)
L, t<0.3
L={-L,(t-03)+L, 03<t<04,
0.5L, t>04

where J,, and L, are the nominal values of J and L
respectively. The control gains (see (20)) are settled as
K1 =0.8 and K5 = 0.3, and the control input is saturated
at umaxy = 240V. Initial conditions of the system are

adjusted inzg = [0 0 0 O]T. Fig. 1 shows the rotor position
response and the reference signal when the proposed
controller is implemented. It can be seen that the controller
drives the system output to track the desired value and it
remains in such value despite the external perturbation 77,
(25) and parametric variations (27). Respectively, velocity
response w(t) is depicted in Fig. 2. Sliding variable o =
23 ) response is presented in Fig. 3. It can be seen that it
remains in a boundary layer with thickness O(72); this
result agrees with the theoretical design. Finally, Figs.
4-5 illustrate the control applied to the system, where a
continuous signal is obtained, and it stays in the control
constraint (6) |lug| < 240V.

7. CONCLUSIONS

In this paper, based on SM control and perturbance
estimation, a robust discrete-time controller was designed
for a nonlinear system presented in NBC form with both
matched and unmatched perturbations. The proposed
controller enables to achieve the O(7?) order precision
of the tracking error. The effectiveness of the proposed
control scheme is confirmed by application to PMSM
system output tracking control.
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Appendix A. PROOF OF THEOREM 1

To prove the theorem, a constructive step-by-step trans-
formation to the new system (10) will be formulated.

Step 1. On the first step, having the output tracking error
Z16 = X1k — 01k, the first block of (4) is represented as

21k = fi(ze) + Bi(we)wok + dik (A1)
where Jl,k =di(vk, k) — a1k41-

In this case, ny = ng, the ny x 1 vector x3 ) , considered
in the system (A.1) as a virtual control, is chosen as

T = —By N(w1) fr(@e) + By (@) (K121 k22,0 —d1 k1]
A2

with K a Schur matrix. From (A.2), the new variable 2
is expressed as

zok = V2(Tak), V2(Tor) = Bi(w1k)2or — a2k,
ook = Kizip — fi(@ie, k) — die—1

resulting in first transformed block (10), namely,
2141 = K1z g + 208 + 01k, O1p =d1 g —dig—1 (A4)

(A.3)

The term CZ1,k_1 is obtained from (A.1) as

dij—1 =2k~ fi(®1r-1) — Bi(z1k-1)T2k-1. (A.5)

Step 2. At this step, under Assumption 2, namely (7),
Bi(z1,k41) = B1(Zok) + ABy (2, k) (A.6)
we define - -
By(Za,;) = B1(Z2,1x)B2(To,k)- (A7)
Using (A.3), (A.6) and (A.7), the second block of (4) is
transformed into
22 k1 = f2(To) + Ba(Zok)w3 4 + dog (A.8)
where fo(T2x) = B1(To,k) f2(T2,) and dox = —ag ki1 +
B1(Zo,k)d2(xk, k) + AB1(zk, k)Z2 ot 1-
Taking into account the structure ne < ng, the virtual
ng x 1 control z3 1 in (A.8) is chosen of the form

z3p =Bl (21 1)[Kozon + Esizsp — do 1]
— B(z1,1) o (T2,0),

with pseudo inverse matrix B} (z1,5) and Esq = [In, 0] €
R™*"s where I,,, is identity matrix.

(A.9)

Now, the transformation (A.9) is extended as

Bo(Zo )3k = — fo(Tok) + Koza g + Es 1235 — do g1
My (Zo i)xs ) =Es223
(A.10)

where the matrix M>(Z2 1) is selected such that the matrix

Bg(fg,k) = [522((5«%227];))] € R™*"s has rank ns; E372 =

[0 Iy, —n,] € RMa—m2)xns and [, = [E&l

Es5

s

| cxen

From (A.10), the new variable z3 , is obtained as

V3(Z3.x) = Ba(Tok)Ta ke — 3.k,

+ Kozop + FB3123 5 — d2 -1 }
0 )

Thus, the second transformed block (10) becomes

23k = V3(T3 k),

asp = [—fz(fz,k)

2o k41 = Kozop + E3123 % + 02k (A.11)

o = da g — da k1 (A.12)
where dj ;1 is obtained from (A.8) as
gZ,k—l =22k — f2(f2,k—1) — Bg(ig,k_l)zg,k_l. (A.13)

Step i. At this stage, after (i — 1) steps, we have (i — 1)
transformed blocks of the system (10):

21+l = Kizi g+ 226 + 01k
(A.14)
Zici k1l = Ki1zicip + Eic112i0 + 0i—1 ks
with 2,1, = ¥i(Zi ), Vi(ZTin) = Bio1(Tim1 k) Tik — Qi
Proceeding in the same way, under Assumption 2, namely

(A.15)

Bi 1(ZTici,k+1) = Bic1(Zi k) + AB;_1(zk, k),

we define

Bi(Zi k) = Bi-1(Zik) Bi(Ti )

Using then (A.14)-(A.16), the (¢)-th block of (4) is trans-
formed into

Ziksr = fi(@in) + Bi(zig)Tiv1k + dig (A.17)
where fi(@ig) = Bic1(zip) fi(Tig) and di g = —0 g1 +

Bi (% x)di(zr, k) + ABi(2k, k) 2ig1 -

With the structure n; < n;41, the virtual (i+1) x 1 control
Ti+1,, in (A.17) is formulated as

(A.16)

Tit1,h = — Bg(xl,k)f_i(ji,k) (A.18)
+ Bl (21,0)[Kizip + Eis112i410 — i1,

with pseudo inverse matrix Bj (x1%) and Ejy11 =
[In, 0] € R™é>*™itr | I, is identity matrix.
Now, the transformation (A.18) is extended as

Bi(ws 6)wiq1,6 = — fi@i) + Kizig + Biy1,12i41,6 — dii—1

M;(zi k) Tit1,6 =FEitr1,2%i+1,5 (A.19)

where the matrix M;(z1 1) is selected such that the matrix

Bi(z1x) = [J\Bj((iilz))] € R™+1X™+1 has rank n;qq;
7 b
Ei+1,2 — [0 ]nHl_ni]T e RMi+1—mi)xniv1 gnd ]ni+1 _
{g”i; € R™Mi+1%Mi+1 iy identity matrix.
i+1,

From (Alg), it follows: Zi+1,k = Bz’(i‘l,k)xi,k — Q41 k
o _ [ —fil@ig) + Kizig + Big112i41 6 — dij—1
i+1,k — O

Substituting (A.18) into (A.17), results in

Zikt1 = Kizip + Eig1 12016 +0i ks Oie = diky — di—1,

dik—1=2ix — fi(Zik—1) — Bi(w1 p—1)Ti k1.

Step r. Finally, the variable z, x = Br_1(Zr—1.4)Tk — Qr
is introduced with dynamics

Zp g+l = fr(zk) + Br(xr)ug + Cir,k

WheI‘E} fr(xk) = Br—l(xk)fr(xk)v Br(xk) = Br—l(xk)Br(ajk)
and d, = Br—1(z)dr (r, k) — @ kp1 + ABr_1 (Th, k) Ty oy 1
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