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SPREADSHEET PROCEDURE
FOR SIMULATING SETPOINT TRACKING
IN SISO BY DYNAMIC MATRIX CONTROL

LARRY K. JANG AND ROGER C. Lo

California State University * Long Beach, CA 90840-5103

he objective of this work is to present a spreadsheet tool

that illustrates an ideal case of dynamic matrix control

(DMC) calculations. The ideal case presented in this
work is a hypothetical single-input-single-output DMC con-
trol system for setpoint tracking, in the absence of disturbance
and mismatch between the measured and predicted process
variable, at various move suppression coefficients. Students
in an undergraduate process control class who followed the
procedure to build the spreadsheet would gain a good basic
understanding of DMC.

A BRIEF OUTLINE OF DYNAMIC MATRIX
CONTROL METHOD

Dynamic matrix: prediction of future process
response based on present and future control
moves

Industry has widely accepted control strategies based on
model predictive control (MPC), primarily in multiple-input-
multiple-output processes. The first known industrial appli-
cation of linear MPC was known as dynamic matrix control
(DMC). Initially, DMC was introduced for the single-input-
single-output (SISO) cases.!"! The development of DMC and
its recent status has been reported in the literature .

Moving horizon control is a key feature of dynamic matrix
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control. This type of controller employs a model internal to
the controller architecture to predict the process variable for
n_steps into the future based on control moves for n_ steps in
the past. The future process response predicted from the past
control moves is called “free response.”® Then, the algorithm
calculates the predicted error (setpoint—free response, with
model mismatch and disturbance taken into consideration)
for future n_ steps, followed by an optimization scheme to
calculate the present and future control moves needed to
minimize or suppress the net error (predicted error—future
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process response due to the present and future control moves).
Once the computation is done, only the first calculated control
move is implemented and the algorithm moves one time step
ahead. The free response is predicted and new control moves
are calculated again for this new time step. The procedure of
predicting the future free response, calculating the present and
future control moves to suppress error, and implementing the
first calculated control move is carried out as time moves on.

The first crucial step in implementing DMC in a SISO case
is to obtain information about how the process responds to a
step change in the controller output. This procedure is very
much like the traditional approach of finding the dynamic
model of a process by making a step change in the controller
output (in the manual mode) and observing the response of
the process variable, followed by fitting the response curve
to the model chosen (such as the first-order-plus-dead-time
(FOPDT) model). With the model parameters (such as process
gain, first-order time constant, and dead time), an engineer
may use well-established tuning rules, such as Ziegler-Nichols
method, Cohen-Coon method, and Internal Model Control
(IMC) method, to find appropriate tuning parameters for a
proportional-integral-derivative (PID) feedback controller.
However, instead of fitting response data to a particular model,
the DMC method calculates the coefficients of the system’s
step response model (SRM).!!!

Assuming that the system is initially at steady state and the
initial value of the process variable is 0, the coefficient can
be defined as follows:

Coefficient of SRM =a, = () (1)
Au(t,)

where Au(t)) is the magnitude of step change made (and
held constant) in the controller output at t = t, and y(t) is the
response of the process variable at t = t. We may consider
the t’s as discrete times of choice and/or sampling times. In
DMC applications, at least 10 discrete time steps are needed
between t, and t_ (time to reach the next steady state). The
number of time steps taken to reach steady state is called
model horizon (denoted as m in this work). If the controller
output changes from the previous value by the magnitudes
of Au(t), Au(t)),..., Au(t_,), at present and future times (t =
t,» t,»-» t.,) and held constant thereafter, we may predict the
response of the process at any future time t, (i=1,2,..., np) by
the principle of superposition. The effect of a control move
made at t, would take t, time steps to reach t. Likewise, the
effect of a control move made at t, would take t_, steps to reach
t., and so forth. Since the effect is additive, we have Eq. (2).

y(t)=aAu(t,)+a_Au(t)+...(forn terms), (2)
Assuming that one is making 12 steps of prediction ahead

(i.e., the prediction horizon n = 12 ) based on the subsequent
control moves for 5 steps (at t, t,,t,,t,,and t,) and held con-
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stant thereafter (i.e., the control horizon n_ = 5), Eq. (2) may
be rewritten in the matrix form [Eqgs. (3) and (4)]:

y(ty) a; 0 0 0 0
y(t) a e 0 0 0 iﬁg
yltz)[_|as a a 0 0 Au(ty) (3)

' Au(ts)

@33 Qg Qg9 dg a7 Au(t,)
4

y(t12) Qi3 Qi1 Qg Qg ag

[¥ ]i2x1 = [Al12 x5 [Au (present and future)]s«; (4)

The first term on the right-hand side of Eqs. (3) and (4)
([A],,,) is called the dynamic matrix. Note that the pres-
ent and future control moves Au(t,), ..., Au(t,) are not
known a priori. We need to use the procedure below to
calculate them.

FREE RESPONSE: PREDICTION FOR
FUTURE PROCESS RESPONSE BASED ON
PAST CONTROL MOVES

Free response is defined as the predicted process response
for t > t, (at [ SR tnp) based on the past control moves
(Au(t_np), Au(t_npﬂ),...., Au(t,)) if no further controller outputs
are changed at t»t,,t,,.... The effect of the control move made
att, would take 2 steps to reach t, 3 steps to reach SR and
so forth. Likewise, the effect of the control move made at t,
would take 3 steps to reach t,, 4 steps to reach t,..., and so
forth. Therefore, for a system in which n = 12, we would
obtain the prediction vector ly,] for the free response (due
to past control moves only) as

12X1

Yo(ts) Y (t_12) Q3 . . Q3 GpqrAu(t_;p)
Yo(tz) Y(E-12)| |%aa a, a3 ||Au(t_yq)
- = g 5 I ' : . (5)
'p[;:lz) Y(t;lz) aéé a.l-t a;3 Au(-t_lj
or
[yp (future)lzx1 :[y (tfnp )]lm +[AP12X12[AU (past)]IZXI (6)
where
Q3 .« A3 @
Qg+ .« @y QA
[Ap ]12 x12 =
Aoy« Oyy Qg3

where y(t_np) is the value of the process variable at the begin-
ning of prediction n_steps in the past. For a system at initial
steady state, the process variables at the beginning of predic-
tion during moving horizon control {y(t_np), y(t_np“),..., y(t)}
are all zero for t < t,.
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If the setpoint profile y _ for t>t, is known, we may define
the free-response error vector as

E(t1) ysp (tl) yp(tl
5(52) }’sp(fz)‘ I}’p(fz)‘

E(t,,)

(7)

sp (t;2) Vn (t;2)

or

[E],.=lv.] -[v.] (8)

To reduce or suppress the free-response error, DMC must
instruct the final control element to make control moves for
n_steps at the present and future time steps (t,,t,t,,...,t ).

Calculation of present and future control moves

If the controller makes control moves of Au(t), Au(t,),
Au(t,), Au(t,), and Au(t,) for n_steps (= 5 in this work), we
may anticipate that such present and future control moves
would cause the process to respond by the magnitudes given
by Egs. (3) and (4). Therefore, the free response error may
be reduced due to the present and future control moves,
resulting in an effective or net error expressed as a net error
vector [NE]

Net Error = (Free response error due to
past control moves Au(t <t,)) -

12X1°

(Process response due to
present and future control moves Au(t > t,)

ay 0 i i 0
NE(t;) E(ty) e 0 iu(:u)
NE (tz) " E(tz) a; a, a, 0 0 Aﬂg:% )
5 = 5 = 2
i | |Audts)
1

@1y My dg dy dy u(ty)
4
Q1 Q11 G1p Gy dg

NE(.flz) E(&m)

[NE]IN = [E]lle —[A]m5 [Au (present and future)]SX] (10)

It can be said that the present and future control moves would
serve to reduce or suppress the free response error. In Eqs.
(9) and (10), it is assumed that disturbance does not exist and
that there is no mismatch between the measured and predicted
process variable. It is also assumed that the controller does
not reach saturation and there is no constraint on the control
moves. To compute the present and future control moves, an
objective function @ is defined as

o=3"{[NE(t)] +2[au(t)] ] (11)
where A is defined as the move suppression coefficient.
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Moving horizon control is a
key feature of dynamic matrix
control. This type of controller
employs a model internal to the

controller architecture to predict
the process variable for n, steps
into the future based on control

moves for n, steps in the past.

Optimization of DMC gives the required present and future
control moves that will serve to minimize @ for a given Al

Au (present and future))

Aulty)
Ault,)
Aulty) | = ([A"]
Aultz)
Au(ty)

sx1 =

+ l[f] )_l [AT ]5><12 [E]:lle (12}

5><Zl£ 12><5 5x%5

where [AT] is the transpose of the dynamic matrix [A] and [1]
is a 5X5 identity matrix for n, = 5. Apparently, the greater
the move suppression coefficient A, the smaller the Au(t,)
values or a more conservative control action; and vice versa
the control action becomes more aggressive.

Once the calculation is done, only the first control move
Au(t,) is implemented and the horizon moves one time step
further. By treating t, as the present time, t, is then one time
step in the past, and so forth. In the next step of calculation
att,, the previously calculated Au(t,) would be considered as
the control move one step in the past. So, its value (and only
this Au) should be entered at the bottom of the [Au(past)]
vector for the past control moves [second term on the right-
hand side of Egs. (5) and (6)]. Then [yp], [E], [NE], and the
new [Au(present and future)] are recalculated at t,. The whole
procedure may be repeated for n_steps.

If there is no mismatch between the measured and predicted
process response, then the actual process response for future
steps at t, t,,... should be the sum of the free response and
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the process response due to present and future moves [Eq. (13)]

y[(actual response)]12xl :[yp]lle +[A],,. [Au(present and future)]

However, since only the first control move Au(t)) is implemented at t,, we may predict

the actual process response of y(t,) only [Eq. (14)]

y(t)=y,(t )(predicted at t,based on y(t,,) and [Au (past)})+a]Au(t0) (14)

s (13)

As the control
horizon moves
forward, the whole
calculation repeats.

As the control hori- TABLE 1
zon moves forward, Coefficient of step response model (SRM) used in this work
the whole calcula-
tion repeats. In a i 2 2 2 2 % ] % 2 Zo
system where a = 0 0.00 0.948 1.297 1.425 1473 1.490 1.496 1.499 1.499 1.500
(due to dead time)7 a, a, a5 a, a5 A, a,, L a5, Ay
the actual process 1.500 1.500 1.500 1.500 1.500 1.500 1.500 1.500 1.500 1.500
response y(tl) is the & & & ay, a5 Ay ay; dyg &y )
same as the free 1500 1500 1,500 1.500 1.500 1.500 1.500 1.500 1.500 1,500
response yp(tl) pre-
dicted at t, due to
past control moves. _ -
© 1.50

SAMPLE CALCULATION BY E‘ 1
SPREADSHEET PROCEDURE o 7

Based on the MPC theory and DMC strat- qu_, 1.00
egy outlined above, the authors developed o ]
a spreadsheet procedure using data for a 'E 1
hypothetical first-order-plus-dead-time Q 1
model with process gain Kp = 1.5, time 0 0.50 J
constant T, = 1, and deadtime Bp = 1. The ' 8
SRM coefficients for this process model o ]
are shown in Table 1 and Figure 1. The size © 0.00 ! : :
of time step At =1 is chosen in this work. 0 5 10
This process stabilizes in 10 time steps or
model horizon m = 10. The established time, t

DMC guidelines recommend that the pre-

Figure 1. Plot of SEM Coefficient a, versus time.

TABLE 2
Dynamic matrix [A],, . for prediction horizon n = 12 and control horizon n_ = 5 using the coefficients a, (i=1,2, .., 12) from the SRM.
0.000 0.000 0.000 0.000 0.000
0.948 0.000 0.000 0.000 0.000
1.297 0.948 0.000 0.000 0.000
1425 1.297 0.948 0.000 0.000
1473 1.425 1.297 0.948 0.000
1.490 1473 1.425 1.297 0.948
1.496 1.490 1473 1425 1.297
1.499 1.496 1.490 1473 1.425
1.499 1.499 1.496 1.490 1473
1.500 1.499 1.499 1.496 1.490
1.500 1.500 1.499 1.499 1.496
1.500 1.500 1.500 1.499 1.499
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TABLE 3
Matrix ([A™] [A]+ A [I])! [A'] for move suppression coefficient A = 3.0
0.000 0.160 0.127 0.071 0.033 0.012 0.004 0.002 0.001 0.000 0.000 0.000
0.000 -0.091 0.087 0.085 0.050 0.020 0.009 0.005 0.003 0.003 0.003 0.003
0.000 -0.044 -0.127 0.065 0.070 0.031 0.017 0.012 0.010 0.010 0.009 0.009
0.000 -0.018 -0.059 -0.140 0.046 0.033 0.028 0.026 0.026 0.026 0.025 0.025
0.000 -0.007 -0.026 -0.073 -0.172 -0.026 0.028 0.048 0.055 0.058 0.059 0.059
diction horizon n_exceeds the model horizon by 20% or 50% (n_~ 12-15 olelw|lolololalalalolaolo
P . . P . ~lFlalalz|a|a|a|a|SSS]|S
) and that the control horizon n = 0.5 m ~ 5. Since the purpose of this 2122212212122 (2)1 22
module is to illustrate the concept of DMC without using Visual Basic M
(or other sophisticated software), the authors choose n = 12 and n_ =5 9
for illustrating the procedure. é’. Slelelslglglglglslslgls
] ) ) A RIEABIBIEINIB B B R kA ke
With n = 12 and n_ =5, the dynamic matrix [A] ,, ; based on the SRM i A Al At A Rl Al Bl Rt At B
coefficients (Table 1) is given in Table 2. By following the standard matrix %
opeTratlons in Excel f(;r transpose,multlpllcatlon, and addltlo.n,thf: matrix £ <lelelelalzlelelelslels
([ATJ[A]+ A[I])!' [AT] for A = 3.0 is calculated and summarized in Table Sl =] === =|n|n|"|"
?. The rgatrix [Ap]]2XI , (for predicting the free response of the process) %
is given in Table 4. Note that the elements of [Ap] 1«1, Should be entered =
according to Eq. (6), where the values of the elements are from Table 1. aloflololalalelelelolola]le
| F| 222 2IS[I[S[I[S(Z
To initialize the calculation, it is assumed that the system is at steady E il Bl Bl Bl Bl Bl Ball Bl Bl Bkl Bl B
state at t, and that the process variable and the past control moves are °
both zero for t <t for at least n_steps in the past. The spreadsheet shown °
. 0, .. P . . Elololalalololelelelelele
in Table 5 (following page) illustrates the calculation for the time step at T|I2|2|22|R[RI[RIIRIINIR|R
t,- The following procedure was used to create Table 5: «/—\-" T T T T
(1)  Column G is created to count the past and present time steps -12, =
-11,..., -1, 0. Column H is created to count the present and future < :“ clalzalslslslglslslslsls
time steps 0, 1, 2,..., 12; @2 N Y Y Y el N2 e el IREE INEY ISR I
=
(2)  Assign 0.00 values to Q65-Q77 for present and past values of pro- ) .E
cess variable; 2 g
w
(3)  Highlight cell I65 and perform “=30Q65 “ (the beginning process = § 5 § § .,% § § .,% % § .,% % §
variable (t ) for prediction of free response). Highlight cell 166, 2 Bl el Il i IRl ARl Il Il Il Al Bl
perform “=165,” and copy downward. In this manner, elements in =
Column I have the y(t ,) value; :
IR EEHEEEEEEEE
(4)  Assign 0.0 to J65-J76 (for past control moves [ Au(past)]; 8 It el Bl el B el i e el el e} e
(5) Highlight cell K-65-K76 and perform matrix multiplication [A] §
[Au (past)] (=MMULT($E$37:$P$48,J65:J76), followed by the §
. . ; . =
combznefl key stroke, control+shift+enter, in Excel, whe.re [A ]is > glslslslslsls] sl sl sl gl s
located in the cells E37-P48 and [ Au(past)] is located in the cells E REY LY InY InY IR INEN INEE IRE IREE INEY INEY IRt
J65-J76. The $ sign is needed to fix the column number and the row &
number for [A] when copying the content of Table 5 down below. :é‘
However, the cell positions for [ Au(past)] do not need the $ sign in o SHEHEEEEEEEBEREE
front of the column number or the row number; Excel will automati- ._'i i Il el el el e Il el el el el e
cally reference to the appropriate cell positions when the content of <
Table 5 is copied downward; E
(6) Add Column I and K and put the results in L65-L76, that gives é glglglglglslgelslglslgls
(future) free response of process variable due to past control moves; 5 hEN INEE NN InET IEY IREE DY ST INEY INE DY It
(7)  Assign setpoint of 1.00 to M65-M76, assuming that there is a ‘—é
unit step change of 1.000 occurring at t,* and calculate the free §
response error [E] (Column N) by subtracting Column L from Col- A § § u% § § u% § § u% § § u%
umn M; —_ =] = === <]|~<|~<]~<]|~=|=
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TABLE 5
Calculation of [Au (present and future) ], , to be carried out at t , t ,...t, based on free response of process variable Y, (t,t,
..... ,t,) and past Au (t ,t ...t ). Note that only the first of the present and future Au (0.410) is actually carried out at t,.
LA B = D E E G H I J K L M H 2} F 7} ]
=3 yEti0
foung,  Counl,
: CH| ¥ (frise Aufrcn & Finow &
) ] 1] n::t& l:l:: 13 Aufpast) fictosiott] st g [E] ature) insext] past]
al =188 & copled dowmwards _ 0 =088 "=l E:‘:‘i 0410 E""&'g“"
e 12 1 Q000 0000 0000 0000 1000 L000' 0176 0000  0od0
[ A1 2 Q000 0000 0000 0000 L1000 1000 0.064 000
BT <10 3 0.000 0L000 0.000 0000 1.000 1.000 ools 0000
=Y — | a | 4 0000 0000 0000 G000 1000 1000 0.001 £.000
=] E ] 5 Q000 o0 0000 0000 1000 1000 D
‘eMMLULTIS
5] & 0.000 00D | 0000 0000 1000 1000 ESIES8S3R [oT]
m MNESMTE)
il L] 7 0.000 LD 0.000 QL0D0 1.000 1.000 QLDD0
2 ] 8 Q000 000 | 0000 0000 1000 1000 000
| 4 4 Q000  Goa0 | 0000 6000 1000 1000 e
i 3 10 Q000 0000 (G000 0000 1000 1000 £LO00
bl =2 11 0000 0LD00 0.000 U000 1.000 1.000 QuDD]
x 4 12 Dol oo (LoD 0000 1000 1000 L)
Fil o 6410 uded
™ 064 =MMULTISESIT-SPS4B. 165:176]
TABLE 6
Calculation of Au to be carried out at t , t,,.., t_ based on predicted process variable Y, (€55 L5 eenens t,,) and past Au (t,t,.t).
Only the first of the present and future Au (0.176) is actually carried out at t,. Important cell operations are explained in the text.
B B R R s S . iR
T “=if3+1 y 2]
Coung, fourl,
t 1 nowk  now A1 apasty 1 Vel g | Anowh |y |YiROWE
B0 past future [Bufpast)] resporse] future) pasi)
81 =3+ . 1 =083 L= b -
&2 -1 2 0o 0000 0389 038 1000 0L 008 0388 0.000
83 "mGES ] =10 3 g QD00 (e a] 0.532 0532 1.000 [0 (=K} F- 0.000
[ 5 a COM0 0000 0585 0SB 1000 OIS .00 0.000
£ 3 5 QOG0 OO0 0604 0604 L1000 O 0.2 0.000
85 =m2 2 [ QOG0 0060 0811 061 1000 08 0.000
&7 =] 7 CLDO0 (s a] 0.514 (X3 EY 1.000 ol 0.000
£ X3 8 QO 0000 0615 0615 L0005 0.000
[ 4 ] QoM OO0 0615 0615 1000 OMS 0.000
=20 =3 jle} o [k x] 0815 ouB1% 1000 e 0,000
a1 e 11 (X a ] [l a] 0.515 1S 1.000 (k=] 0.000
52 4 12 QO 0oe0 0615 0615 L0005 077 0000
3 ] 13 0000 G410 0615 0615 1000 o.ES and copied 0,000
a4 1 0178 upwards - 0.000
a5 ‘w08l | w77 {and copéed upwards) 'sPES
(8)  Highlight cell 064-O68 and perform matrix thors’ spreadsheet, the coefficient of SRM a, is located
multiplication according to Eq. (12), where at cell E7.
t.he( [AT][A]+ A .[ I ]2" [AT](for .,1=3.0)- is 8 l'V?” To perform the calculation for the moving horizon control,
n Table 3. Again, in the matrix m“l”p’l,’w’w” ) the cells in Table 5 are copied and pasted somewhere else
:M,M ULT($E$28:3P$32,N65:N 7,6) " E28-P32 is the on the spreadsheet for calculations at the next time step at
matrix [AT] [A]+ A [ I])" [AT] and its column number ..
: . t.. The pasted cell needs revision before the final outcome
and row number must be fixed by placing the $ sign 1 e 6) i . )
in front of them. However, the cell positions in the [E] (Table 6) is obtained:
vector do not need the $ sign. The cells 064-068 are (1) Highlight the cell G82 and perform “= G65 +1”
the predicted control moves tO be made at t()’ tl’ ..,t4. and Copy downward. The Coun[for now andpast
But only .theﬁrst one (Q64, with calculated value of will be advanced by 1 from corresponding cells of
0410) will be actually implemented; Table 5. Do the same for H81-H93 and cell 180;
(9)  Highlight cell J77 and assign “ = O64.” In this way, the (2) Highlight Q94 and perform “= P65.” Doing so
present Au (1,) is entered to the bottom of Column J; will put the y(next) calculated at t, as the value of
(10) Highlight cell P65 to calculate the actual process the process valuable y(now) at t;
variable y(next) or y(t,) according to Eq. (14) to show (3) Highlight Q93, perform “= Q77,” and copy the
the effect of the present control move Au(t)). In the au- formula upward. In this manner, the process vari-
180 Chemical Engineering Education



TABLE 7
Calculation of [Au(present and future)] to be carried out at t,, t.,.., t. based on predicted process variable Y, (tys by ceees )

and past Au (t .t ...t ). This section is the result of copying the cells in Table 6 and pasting it somewhere below.
e —— p e e e e
96 Y@t
count, count, Aulnow
t 2000 nowd  nowd 10000  Aupesy W Yplfree Yo (€l ) vinest)  nowe & past]
a7 past future laulpasti] response) future}
58 2 0.064
£ -10 3 0.000 0,000 fueas 0.699 1.000 0.301 0.018 0.659 0000
100 ] 4 0.000 0000 0813 0.813 1000 0187  0.008 0.000
101 ¥ 5 0.000 0000 0.8S5 0.855 1000 0145  -0.002 0.000
102 F [ 0.000 0.000 0.aT0 0.870 1.000 0,130 0,002 0000
103 - 7 0.000 0000 0876 0.876 1000  0.124 0.000
104 5 8 0.000 0000 08T 0.578 1000 0122 0.000
105 - £ 0.000 0000 0879 0,579 1000 0121 0000
106 3 10 000 0000 0.879 0.879 1000 0121 0000
107 2 11 0.000 0ni0 0879 0.579 1000 0421 0000
108 -1 12 0.000 o0 0879 0.579 1000 021 0000
108 o 11 .000 0410  0.879 0.879 1000 0121 0.000
110 1 14 0.000 0476 D879 0.879 1000 0421 0000
111 2 0.064 0389
112
113 Y@t
count,  eourit, fa Aufnow -|
240 K Chatlacda) Dhat] lemdad lamda ! lamda ) a5 lemds B Chartu e IE . = ¥l |
Raady ] I REELTER L e
TABLE 8
Results for t = 12. Additional column S267-S281 displays the cumulative controller output u.
i 0 E F G H I I K L M M o P a R 3 =
263 10 FE] 0000 0000 1000 1000 LOD0 0000 1001
264 1 0000 1000
265
266 vt 1
£yl £omifk,
t 12000 nowk nowd 0000 sufpast) Ul o WelleE €] ;:m winext]  mew & past) u
%7 caw - | etaa [Sufpast)] response) ture)
e 12 000 ‘wSHEE+IZEH
269 [ 13 0000 0410 1000 1000 1000 0000 G000 L1000  0.000  andcopied [ D410
27 1 14 0000 0176 1000 1000 1000 0000 0000 0000 downwards| 0586
71 2 15 0000 0064 1000 1000 1000 0000 0000 0389 DESD
72 3 16 0000 O01E 1000 1000 1000 0000  0.000 0.659 0668
273 4 17 [l ] Q.003 1000 1000 1000 0,000 0.874 oET1
74 5 18 aoo0 0001 1000 1000 1000 0,000 0.055 DETD
s & T 0060 0001 1000 1000 1000  ©.000 0088 .68
76 7 L] OO0 0001 1000 1000 1000 0400 0999 0567
277 2 n 000 0000 1000 1000 1000 0,000 1001 0667
278 a8 a2 L0 0,000 1000 1000 1000 0,000 1,001 mEsT
7 10 11 0000 0000 1000 1000 1000  ©.000 1001 0E6T
280 11 T 0000 0000 1000 1000 1000 0.000 1000 0.867
281 12 0.000 1,000 DEET
282
283 - | -
Ak Celasds} O] leeda ) lemcda i laede ) emiaS mrdal Chatu  Chart¥p  Oversl  Shest: (4 | ——— i L1 18|
T IR i g [T o e (=1 = e TEEE, YEN i} {#)
able calculated in the time step before will move Once Table 5 and Table 6 are established, the content of
up one position; Table 6 can be copied and pasted somewhere down below
(4) Highlight J93, perform “= J77” (the bottom without any further revisions because the relationships be-
Of] column in Table 5), and copy the formula tween two successive tables are already established. The result
upward. In this manner, the Au(pas[) from the of calculations at t2 is given in Table 7.If the contents of Table
previous table will move up by one position; 6 are pasted for subsequent time steps, the final results of cal-

culations for t,, are shown in Table 8. In Table 8, the cell S269
is highlighted and “= S268+J269” is performed and copied
downward. In this way, the cuamulative controller output may
be calculated from the control moves since t, (Column J).

(5) The users will then see the revised result of cells
081-085. Finally, Highlight J94 and perform
“= 081" to enter the present control move just
calculated.
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Figure 2 shows the process response (y), control moves
at every time step (Au), cumulative controller output (u)
and setpoint (y . ) for time steps up to n =12 (Table 8).
Once the calculations are done for A = 3, the contents of this
worksheet may be copied and pasted on several other work-
sheets. By simply changing the cell that stores the A value,
the results for A =1, 5, 8, and 20 would appear immediately.
Figures 3 and 4 summarize the effects of moving suppression
coefficient A on the process variable y as well as cumulative
controller output u. It is clear that the greater the A value, the
more conservative the control action and the more sluggish
in process response.

DISCUSSION

This work focuses on setpoint tracking in the absence of
disturbance for perfectly linear process models. In reality,
many real-world processes exhibit non-linear behaviors, with
SRM coefficients (a,’s) varying with steady-state conditions.
Also, itis assumed that there is no process or model mismatch
between the predicted and measured values of process vari-
able at t. If such a mismatch exists, the magnitude € = ysp(to)
- yp(to) must be subtracted from every element of the vector
[E] in Egs. (7) and (8) to make the prediction more accurate.

With the model having the first-order-plus-dead-time behav-
ior, there are many well-established tuning rules available to
tune the feedback controller for this process. However, DMC
offers several benefits. DMC is able to predict the future errors
and the present and future control moves in order to minimize
predicted net errors for future steps. This ability of changing
controller outputs based on the predicted future process condi-
tion is absent in traditional feedback control. Or, we may say
that a DMC system having a very short prediction horizon (n )
behaves more like a traditional feedback controller. In this work,
the authors choose n,m, and n_according to recommended
guidelines. Because the control action cannot change after the
control horizon ends, a short control horizon n_results in a large
initial controller output, but a few careful changes in control
action. The large control action in a short control horizon might
overshoot the setpoint. However, as the controller continues
to execute, the process variable will eventually settle around
setpoint. On the other hand, a long control horizon produces
a small initial controller output but more aggressive changes
in control action. These aggressive changes in control action
in a long control horizon can result in oscillation. In general,
a control horizon of about one-half model horizon is recom-
mended. Although a long prediction horizon increases the
predictive ability of the DMC, the performance of the controller
may suffer due to the extra calculations required.

The spreadsheet procedure developed here allows students
to track step-by-step changes of a moving horizon control
system with great ease. Interested users may revise this
spreadsheet by

(1) using SRM coefficients obtained from real-world
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Figure 2. Results of calculation for setpoint tracking by DMC
with move suppression coefficient A =3. Since a, = 0 in this
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Figure 3. Effect of move suppression coefficient A on the
actual process response y or free response y,, same for this
case with a, = 0.
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Figure 4. Effect of move suppression coefficient A on
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processes or real plant data;

(2) removing or changing the amount of dead time to
explore the effects of dead time on y and u. In the
absence of dead time, the free response y (next)
and actual response y(next) will differ by a mag-
nitude ofaj* Au(present), where a,#0;

(3) consulting with publications that use more so-
phisticated software!* once they are confident in
the basic concept,; or

(4) exploring the effects of using different values
for various horizons (model horizon, prediction
horizon, and control horizon).

The topic of DMC was covered in our department’s process
control class for the first time in the Fall 2014 semester, as
suggested by our department’s industrial associates. The top-
ics covered in this class are listed below:

o Introduction to the course, control practice,
elements of typical control systems, design of
data acquisition using modern software such as
LabVIEW

. Case study of process dynamic model: heated
stirred tank—from energy balance to closed-loop
control system, and case studies including labo-
ratory control experiments

. Derivation of dynamic models for industrially
important process units

o Review of essential mathematical tools (differen-
tial equations and Laplace Transform)

. Dynamic behavior of first-order systems (first ex-
perience of Loop Pro software); Dynamic Matrix

o Dynamic behavior of second-order systems

. Higher order systems and approximate models

for poorly understood systems

. Overall transfer function of closed-loop feedback
control systems

. Stability analysis

o Process identification of typical chemical engi-
neering processes
. Industrial procedure of controller tuning (pro-

cess reaction curve method, continuous cyclic
response method, frequency response method)

o Industrial procedure of controller tuning (Inter-
nal Model Control (IMC))

. Advanced Control Methods— Cascade, Feedfor-
ward/Feedback, Smith Predictor, Gain Scheduling

o Introduction to Dynamic Matrix Control
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Besides two hours of lecture each week, this course has a
Laboratory/Problem (L/P) component that meets three hours
each week. During the L/P hours, students have opportuni-
ties running real-world experiments, performing simulation
using Loop-Pro software (Workshop 1 through 3 below), and
designing spreadsheet procedures (Workshop 4):

. Workshop #1: Level control in gravity drained
tanks

. Workshop #2: Temperature control in shell-n-
Tube heat exchangers

. Workshop #3: Level control in pumped tanks

o Workshop #4: Spreadsheet procedure for Dy-
namic Matrix Control calculations

Although the topic of DMC and the associated spreadsheet
workshop were covered toward the end of the semester for
one lecture and one L/P activity, students had a chance to
learn the basics of this advanced concept.

CONCLUSIONS

1. An easy-to-follow spreadsheet procedure is developed for
an undergraduate process control class to learn basic aspects
of moving horizon control in a dynamic matrix controller
(DMO);

2. Based on coefficients of step response model (SRM)
obtained from plant data, a dynamic matrix can be constructed
for a DMC;

3. The DMC calculates the present and future control
moves required to decrease the predicted future errors (and
steer the process variable toward setpoint) according to the
rules of DMC and a selected value of move suppression
coefficient A; and

4. The greater (smaller) the A value, the more conservative
(aggressive) the control action.
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