
IFAC PapersOnLine 52-15 (2019) 442–447

ScienceDirect

Available online at www.sciencedirect.com

2405-8963 © 2019, IFAC (International Federation of Automatic Control) Hosting by Elsevier Ltd. All rights reserved.
Peer review under responsibility of International Federation of Automatic Control.
10.1016/j.ifacol.2019.11.715

© 2019, IFAC (International Federation of Automatic Control) Hosting by Elsevier Ltd. All rights reserved.

10.1016/j.ifacol.2019.11.715 2405-8963

Multirate and Model Predictive Control of
a Pneumatic Isolation Table with a

Discrete Actuator

Yuichi Chida ∗ Nijihiko Ishihara ∗ Masaya Tanemura ∗

∗ Shinshu University, Nagano, 3808553 Japan (e-mail:
chida@shinshu-u.ac.jp).
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sampling frequency to measure outputs is insufficiently low. The effectiveness of the proposed
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1. INTRODUCTION

Pneumatic isolation tables are used in numerous man-
ufacturing fields, and active controls are used to apply
appropriate damping effects to the tables by changing the
internal pressure of the air springs(Kato et al., (2010,
2007)). Several studies have investigated control for a
pneumatic isolation table (Koike et al., (2013); Maruyama
et al., (2015); Kato et al., (2007); Jong and Kwang,
(2013); Marcel et al., (2006); Kawashima et al., (2007)).
In order to change the pressure of the springs, servo
valves or on/off valves are used as actuators to control
the inflow or outflow of the springs. On/off valves are
extremely low in cost relative to servo valves although
it is difficult to obtain sufficient active control perfor-
mance by the on/off valves because the controlled plant
is driven by discrete input values. The study addresses
the control problem for a plant that includes a discrete
input actuator. For the control problem, several control
methods are proposed and include a dynamical optimal
quantizer(Minami et al., (2007); Azuma and Sugie, (2007,
2008); Sawada and Shin, (2010)) or feedback modulation
method(Ishikawa et al., (2007)), or a Lyapunov-function
based method(Koike et al., (2013); Koike and Chida,
(2012); Maruyama et al., (2013, 2015)). Furthermore,
a few nonlinear model predictive control approaches are
executed for process control systems(James and Michael,
(2017); Kobayashi et al., (2014)).

Conversely, in the present study, we initially indicate that
the control performance deteriorates if it is impossible to
use sufficiently high sampling frequency for a pneumatic
isolation table control system with on/off valves. The rea-
son as to why the performance deteriorates is attributed
to the insufficient resolution of control input because the
input is simultaneously quantitatively and temporally dis-
cretized. In the case in which the resolution of the quan-
tized value and sampling period are both coarse, it is
not possible to inject the control input while maintaining

sufficient system precision. Therefore, it is inadequate to
use a low sampling frequency for the discrete valued input
system. However, sampling frequency is sometimes low
in cases when processors with relatively poor calculation
performance are used or when control methods with large
calculation costs such as model predictive control (MPC)
are adopted. In order to improve control performance, mul-
tirate control(Fujimoto, (2009); Martin et al., (1988)) is
adopted that includes high sampling frequency for control
input updating in the face of low sampling to measure
outputs. In this case, the determination of the multirate
control input is another control problem in the aforemen-
tioned cases. In order to solve the control problem, MPC-
based method(Maruyama et al., (2013, 2015)) is adopted.
Hence, we propose a control method of multirate control
based MPC method to improve control performance for a
low sampling frequency system to measure outputs. The
effectiveness of the proposed method is verified via numer-
ical simulations for a model of a pneumatic isolation table
control system. The proposed method is appropriate for a
control system that cannot use a high sampling frequency
to measure outputs although high sampling can be used
for the control input.

2. PLANT

In the study, the following single input discretized plant G̃
is considered.

G̃ : x̃[k + 1] = Ãx̃[k] + B̃u[k] (1)

G̃ denotes a linearized model of a nonlinear plant, such
as a pneumatic isolation table, as shown in Section 5.
Where, k ∈ {0} ∪ N+, x̃ ∈ RN×1, and u ∈ R denote
the step number of the discrete system, state variable,
and control input, respectively. It is assumed that (Ã, B̃)
is controllable and x̃ is measurable and that the control
input is added to the plant via a quantizer ϕ:R → R
that transforms the continuous input signal σ[k] to the
discretized one u[k] = ϕ(σ[k]) as follows:
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Fig. 1. Quantizer

u[k] = ϕ(σ[k]), (2)

where ϕ satisfies ϕ(0) = 0. An example of a quantizer is
shown in Fig. 1, and it is assumed that the input consists
of three discretized values, namely G1+, 0, and G1−.

3. OUTLINE OF THE STUDY

When we used the quantized input shown in Fig. 1, the
control performance depended on the sampling frequency
of the discretized plant. If the sampling frequency remains
low, then good control performance cannot be achieved for
the discretized control input system. However, one issue is
that a relatively low sampling frequency is occasionally
required in some cases. An example of this type of control
situation is the case in which we use a control law with
high calculation cost such as MPC. Another situation is
when it is necessary to use low-performance control devices
instead of high calculation performance control devices
such as DSP. In this study, a control problem is considered
in which the sampling frequency for output measurement
remains low because of the above mentioned conditions.
We propose a control method to overcome the restricted
sampling frequency for the discretized input plant. The
proposed control method consists of multirate control and
MPC.

4. PROPOSED CONTROL METHOD

4.1 Multirate control

A block diagram of the multirate control system is shown
in Fig. 2. The sampling period for the measurement of x̃[k]
corresponds to Ty, and the interval of the zero-order-hold
for control input corresponds to Tu. In this study, it is
assumed that Ty > Tu, n = Ty/Tu, and n corresponds to a
positive integer. Relationship between input and output is
shown in Fig. 3. In Fig. 3, k denotes the step number for
the control input, and the control input U [k] is defined as
follows:

U [k] := [u[k], u[k + 1], · · · , u[k + n− 1]]T . (3)

The problem corresponds to the determination of the
control input U [k]. Thus, we use the MPC method.

4.2 Multirate control law based on MPC

In this section, we describe the proposed control input
decision method. It should be noted that the input of
the plant corresponds to discretized values as shown in
Fig. 1. The MPC method for a discretized input system
was proposed by Maruyama et al., (2013, 2015). The

Fig. 2. Block diagram of the multirate control system

Fig. 3. Sampling period of the multirate input and output

method is not suitable for the multirate input system, but
we applied this method with a little modification in our
study. The outline of the method is as follows. A positive
quadratic cost function is introduced as follows:

V [k] = x̃T [k]P x̃[k], (4)

where P > 0 denotes a solution of the discretized Lya-
punov equation as follows:

(Ã− B̃F )TP (Ã− B̃F )− P = −QL. (5)

Additionally, F denotes a feedback gain such that Ã−B̃F
becomes Hurwitz, and QL denotes a specified arbitrary
positive definite matrix. We focus on the cost function that
corresponds to n step after,

V [k + n] = x̃T [k + n]P x̃[k + n]. (6)

We use (1), and x̃[k + n] is represented as follows:

x̃[k + n] = Ãnx̃[k] + Ãn−1B̃u[k] + Ãn−2B̃u[k + 1]

+ · · ·+ B̃u[k + n− 1] (7)

=Amx̃[k] +BmU [k] (8)

Am := Ãn , Bm := [Ãn−1B̃, Ãn−2B̃, · · · , B̃].

We substitute (8) to (6) and we obtain the following
expression:

V [k + n] = x̃T [k + n]P x̃[k + n]

= (Am x̃[k] +BmU [k])TP (Amx̃[k] +BmU [k])

= x̃T [k] AT
m PAmx̃[k] + 2x̃T [k]AT

mPBmU [k]

+ UT [k]BT
mPBmU [k], (9)

where the first term of (9) is independent of the control
input, and thus we focus on the second and third terms.
The following cost function is reintroduced as a renewed
cost function as follows:

J(U [k]) = 2x̃T [k]Y U [k] +UT [k]XU [k] (10)

X := BT
mPBm,Y := AT

mPBm.
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Fig. 1. Quantizer
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the control input, and the control input U [k] is defined as
follows:

U [k] := [u[k], u[k + 1], · · · , u[k + n− 1]]T . (3)

The problem corresponds to the determination of the
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+ · · ·+ B̃u[k + n− 1] (7)

=Amx̃[k] +BmU [k] (8)
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Fig. 4. Experimental system of the pneumatic isolation
table

Fig. 5. Table model

Fig. 6. Pneumatic circuit

Subsequently, we obtain the optimal solution for mini-
mizing J(U [k]) by selecting U [k] via the real-time opti-
mization method. It is difficult to obtain the optimal U [k]
because the input value is discretized, and thus we deter-
mine the closest possible suboptimal solution via real-time
searching calculations. The real-time searching calculation
algorithm is given in Maruyama et al., (2013, 2015), and
the calculation algorithm is applied for the study. In this
case, n is specified such that n ≤ N to ensure the convexity
of J , whereN is the order of the state variable. IfU [k] = 0,
then J(U [k]) = 0. Otherwise, J(U [k]) < 0 because U [k] is
selected such that J(U [k]) corresponds to the minimum.
It is possible to modify the control law such that U [k]
is applied for the plant if an additional condition that
V [k + n]− V [k] < 0 is satisfied.

5. APPLICATION IN PNEUMATIC ISOLATION
TABLE CONTROL

5.1 Configuration of the pneumatic isolation table system

The plant is a pneumatic isolation table system as shown
in Fig. 4. The table is supported by four air springs. An
sketch of the air springs is shown in Fig. 5. Each spring
is connected to a buffer tank. The vertical translational
motion and two rotational motions of the table are con-
trolled by changing the inner pressure of the air springs

Fig. 7. Air spring model

using solenoid valves. In the study, we focus on the vertical
translational motion, and rotational motion is ignored.
The air circuit of the pneumatic isolation table system is
represented in Fig. 6. The internal pressure of the springs
is controlled by changing mass flow rate via the air pipes
by using the valves. Air simultaneously flows into the four
springs from the air tank by opening the solenoid valve
#1 and #2. The valves operate in two modes such as
opening or closing the valves. Conversely, air in the springs
is exhausted by using valves #3 and #4 that are open at
the same time.

Vertical displacement of table, z, is measured via a dis-
placement sensor. Velocity, ż, is obtained by on-line deriva-
tion calculation. The internal pressure of the spring, pa,
and that of the buffer tank, pb, are measured by pressure
sensors. In the study, it is assumed that the inner pressure
of the four air springs correspond to identical values, pa,
and that of the buffer tanks also correspond to common
value, pb. The system includes an approximate time delay
of 10 ms due to the response of the valves and air pipe
length.

The control input is calculated by using a DSP system,
and the sensor signals are input to the DSP system via a
16-bit ADC. Additionally, control input is provided to the
valves through DIO.

5.2 Model of plant

Models of the table and spring are shown in Fig. 5 and
Fig. 7. The table is supported by four springs. However, it
is assumed that an equivalent spring is used in the model
indicated as Fig. 7 because we only focus on the vertical
translation motion in the present study. Equation of mo-
tion based on the thermodynamic equilibrium conditions
is described as follows:

Mz̈ + cpż + kpz = Spa (11)

ṗa =
κRsTs

(za + hpz)S
(u(t− L)− µ(pa − pb))

− κ(p0 + pa)

za + hpz
hpż (12)

ṗb =
κRsTs

zbS
µ(pa − pb), (13)

where z and u denote the vertical displacement of the table
and mass flow rate of the flowing air, respectively, and
correspond to the control input. Additionally, pa and pb
denote the deviation of the internal pressure of the spring
and buffer tank from the equilibrium p0, respectively. All
the variables are measurable, and ż is obtained by the
deviation using z. Specifically, M , kp, cp, S, Rs, κ, Ts,
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µ, L, za, and zb correspond to the parameters shown in
Table 1. Here, L = 20 ms denotes the time delay that
includes input delay via air transmission, 10 ms, and the
calculation time delay for the control input calculation.
We assume that za ≫ hpz and p0 ≫ pa are satisfied in the
present study, and (12) is approximated as follows:

ṗa = Kgpu(t− L)−Kzpż −Kapa +Kapb, (14)

where Kgp = κRsTs

zaS
, Kzp =

κp0hp

za
, Ka = Kgpµ and Kb =

κRsTs

zbS
µ. We define the state variable x = [z, ż, pa, pb]

T and
the state space equation is described as follows:

ẋ(t) = Acx(t) +Bcu(t− L), (15)

where Ac and Bc are defined as follows:

Ac =




0 1 0 0
−kp/M −cp/M S/M 0

0 −Kzp −Ka Ka

0 0 Kb −Kb


 (16)

Bc =




0
0

Kgp

0


 . (17)

Input time delay L = 20 ms is described via the second
order Pade approximation as follows:

e−Ls =
1
12L

2s2 − 1
2Ls+ 1

1
12L

2s2 + 1
2Ls+ 1

. (18)

The state space representation of (18) is described as
follows:

ẋl(t) = Alxl(t) +Blu(t), xl(t) = [xl1(t), xl2(t)]
T (19)

yl(t) = Clxl(t) +Dlu(t), yl(t) := u(t− L) (20)

Al =

[
−3.0 · 102 −3 · 104

1 0

]
, Bl =

[
1
0

]
(21)

Cl =
[
−6 · 102 0

]
, Dl = [ 1 ] . (22)

Subsequently, the plant including input time delay is
described as follows:

˙̃x(t) = Ãcx̃(t) + B̃cu(t) (23)

x̃(t) = [xT (t), xl1(t), xl2(t)]
T (24)

Ãc =

[
Ac BcCl

0 Al

]
, B̃c =

[
BcDl

Bl

]
. (25)

Ã and B̃ of the discretized plant in (1) are obtained via
the discretization of (23) by assuming that the zero-order-
hold is used with sampling Tu. In this case, the state space
variable of (1) is as follows:

x̃[k] = [xT [k], xl1[k], xl2[k]]
T , (26)

where xl1 and xl2 denote the state variables of the input
time delay. All of the state variables of x̃[k] are measurable.
Moreover, the system is controllable. In many real systems,
it is impossible to measure all the state variables. However,
it is possible to obtain the signals of the state variables
using devices such as pressure sensors or displacement
sensors in the experimental setup.

The control input is quantized by the quantizer ϕ(σ). The
quantized input is generated via a combination of the open
or close states of the valves shown in Table 2. Subsequently,

Table 1. Plant parameter values

Displacement of the isolation table z [m]

Air spring pressure deviation pa [Pa]

Buffer tank pressure deviation pb [Pa]

Control input (mass flow rate) u [kg/s]

Primary pressure p0 0.0350[MPa]

Mass of the table M 13.6[kg]

Equiv. spring constant kp 14.5×103[N/m]

Equiv. damping coefficient cp 43.6[Ns/m]

Contact area of air spring S 3.60×10−3[m2]

Gas constant Rs 287[J/(kg·K)]

Ratio of specific heat κ 1.4[-]

Gas temperature Ts 293[K]

Valve coefficient µ 2.90×10−7[kg/(s· Pa)]
Time-delay of mass flow rate L 20[ms]

Equiv. air spring height za 0.0120[m]

Equiv. buffer tank height zb 0.308[m]

Volume conversion coefficient hp 2[-]

Max. mass flow rate G1+ 2.70×10−4[kg/s]

Min. mass flow rate G1− -2.57×10−4[kg/s]

Table 2. Driving pattern of the solenoid valve

Val. Val. Val. Val. Control
#1 #2 #3 #4 input

Inflow On - - - G1+

Outflow - - On On G1−
- - - - 0

On: Valve is open. -:Valve is closed.

the quantizer ϕ provides the following admissible three
valued input.

ϕ(σ) =

{
G1+ , if σ1+ ≤ σ
G1− , if σ ≤ σ1−
0 , others

, (27)

where σ[k] denotes the input of ϕ, and σ1+ and σ1−
denote the design parameters. We specify the parameters
as σ1+ = G1+/2 and σ1− = G1−/2.

6. CONTROL DESIGN AND NUMERICAL
SIMULATIONS

6.1 Control design via the conventional method

The control was designed by assuming that Tu = Ty and
is based on the method proposed by Koike et al., (2013).
The discretized plant was obtained by assuming that the
sampling period is Tu = Ty = 20 ms in (23). Based on the
method in Koike et al., (2013), the state feedback gain F1

was obtained by solving LQ optimal control problem by
assuming the following weighting matrices.




Q = diag(1 · 109, 5 · 106, 4 · 10−5

, 4 · 10−5, 1 · 107, 1 · 107)
R = 1

(28)

By using MATLAB R⃝, F1 was obtained as follows: F1 =
[−9.08 · 10−1, 2.35 · 10−2, 2.49 · 10−8, 4.35 · 10−7, 1.30 ·
100, 4.19 · 104]. Subsequently, Ã − B̃F1 corresponds to
Hurwitz. The positive matrix P1 was obtained by solving
the Lyapunov equation of (5) assuming QL = I6. The
control input is selected based on the value of (4), and
control law Φ1 is described as follows:

Φ1 : u[k] =

{
u[k] , if ∆V < 0
0 , otherwise

, (29)
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present study, and (12) is approximated as follows:
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ẋ(t) = Acx(t) +Bcu(t− L), (15)

where Ac and Bc are defined as follows:

Ac =




0 1 0 0
−kp/M −cp/M S/M 0

0 −Kzp −Ka Ka

0 0 Kb −Kb


 (16)

Bc =




0
0

Kgp

0


 . (17)

Input time delay L = 20 ms is described via the second
order Pade approximation as follows:

e−Ls =
1
12L

2s2 − 1
2Ls+ 1

1
12L

2s2 + 1
2Ls+ 1

. (18)

The state space representation of (18) is described as
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1
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(21)
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[
−6 · 102 0
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Subsequently, the plant including input time delay is
described as follows:

˙̃x(t) = Ãcx̃(t) + B̃cu(t) (23)

x̃(t) = [xT (t), xl1(t), xl2(t)]
T (24)

Ãc =

[
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]
, B̃c =
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Ã and B̃ of the discretized plant in (1) are obtained via
the discretization of (23) by assuming that the zero-order-
hold is used with sampling Tu. In this case, the state space
variable of (1) is as follows:

x̃[k] = [xT [k], xl1[k], xl2[k]]
T , (26)

where xl1 and xl2 denote the state variables of the input
time delay. All of the state variables of x̃[k] are measurable.
Moreover, the system is controllable. In many real systems,
it is impossible to measure all the state variables. However,
it is possible to obtain the signals of the state variables
using devices such as pressure sensors or displacement
sensors in the experimental setup.

The control input is quantized by the quantizer ϕ(σ). The
quantized input is generated via a combination of the open
or close states of the valves shown in Table 2. Subsequently,

Table 1. Plant parameter values

Displacement of the isolation table z [m]

Air spring pressure deviation pa [Pa]

Buffer tank pressure deviation pb [Pa]

Control input (mass flow rate) u [kg/s]

Primary pressure p0 0.0350[MPa]

Mass of the table M 13.6[kg]

Equiv. spring constant kp 14.5×103[N/m]

Equiv. damping coefficient cp 43.6[Ns/m]

Contact area of air spring S 3.60×10−3[m2]

Gas constant Rs 287[J/(kg·K)]

Ratio of specific heat κ 1.4[-]

Gas temperature Ts 293[K]

Valve coefficient µ 2.90×10−7[kg/(s· Pa)]
Time-delay of mass flow rate L 20[ms]

Equiv. air spring height za 0.0120[m]

Equiv. buffer tank height zb 0.308[m]

Volume conversion coefficient hp 2[-]

Max. mass flow rate G1+ 2.70×10−4[kg/s]

Min. mass flow rate G1− -2.57×10−4[kg/s]

Table 2. Driving pattern of the solenoid valve

Val. Val. Val. Val. Control
#1 #2 #3 #4 input

Inflow On - - - G1+

Outflow - - On On G1−
- - - - 0

On: Valve is open. -:Valve is closed.

the quantizer ϕ provides the following admissible three
valued input.

ϕ(σ) =

{
G1+ , if σ1+ ≤ σ
G1− , if σ ≤ σ1−
0 , others

, (27)

where σ[k] denotes the input of ϕ, and σ1+ and σ1−
denote the design parameters. We specify the parameters
as σ1+ = G1+/2 and σ1− = G1−/2.

6. CONTROL DESIGN AND NUMERICAL
SIMULATIONS

6.1 Control design via the conventional method

The control was designed by assuming that Tu = Ty and
is based on the method proposed by Koike et al., (2013).
The discretized plant was obtained by assuming that the
sampling period is Tu = Ty = 20 ms in (23). Based on the
method in Koike et al., (2013), the state feedback gain F1

was obtained by solving LQ optimal control problem by
assuming the following weighting matrices.




Q = diag(1 · 109, 5 · 106, 4 · 10−5

, 4 · 10−5, 1 · 107, 1 · 107)
R = 1

(28)

By using MATLAB R⃝, F1 was obtained as follows: F1 =
[−9.08 · 10−1, 2.35 · 10−2, 2.49 · 10−8, 4.35 · 10−7, 1.30 ·
100, 4.19 · 104]. Subsequently, Ã − B̃F1 corresponds to
Hurwitz. The positive matrix P1 was obtained by solving
the Lyapunov equation of (5) assuming QL = I6. The
control input is selected based on the value of (4), and
control law Φ1 is described as follows:

Φ1 : u[k] =

{
u[k] , if ∆V < 0
0 , otherwise

, (29)
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where u[k] is specified by σ[k] = −F1x̃[k] and (2).
Additionally, ∆V is as follows:

∆V [k] = V [k + 1]− V [k]

= x̃T [k + 1]P1x̃[k + 1]− x̃T [k]P1x̃[k]

= (Ãx̃[k] + B̃u[k])TP1(Ãx̃[k] + B̃u[k])

−x̃T [k]P1x̃[k]. (30)

6.2 Control design via the proposed method

The proposed control described in Section 4 is applied to
the pneumatic isolation control system. It was assumed
that the sampling period for the measurement was Ty = 20
ms and that for the control was Tu = 5 ms. Therefore,
n = Ty/Tu = 4. The n = 4 is specified such that the value
is less than the order of the state variable of the plant
N = 6 to ensure the convexity of J in (10). The plant and
state variable are (1) and (26), respectively. The plant was
discretized via the sampling period Tu = 5 ms in (23). The
feedback gain in Section 4.2, F , was designed by solving
the LQ optimal control problem using MATLAB R⃝, and
we specified the weightings to be the same as Q and R in
(28). The obtained feedback gain was F = F2 = [−2.04 ·
100, 1.17 · 10−1, 8.42 · 10−8, 1.22 · 10−6, 7.16 · 101, 1.46 · 105].
By F2, Ã− B̃F2 corresponds to Hurwitz, and the positive
matrix P2 was obtained by solving the Lyapunov equation
with QL = I6.

6.3 Numerical simulations by the conventional method

Numerical simulations were performed for the conven-
tional method for the pneumatic isolation control system
model. The designed control for the conventional method
is shown in the previous section. Impulse disturbance
responses were obtained. Examples of control responses
by the conventional method described in Section 6.1 are
shown in Fig. 8 and Fig. 9. The sampling period for Fig. 8
is Tu = Ty = 5 ms while the one for Fig. 9 is Tu = Ty = 20
ms. The discretized plant for each simulation was obtained
by assuming each sampling period Tu in (23). Feedback
gains for Fig. 8 and Fig. 9 are specified as F2 and F1,
respectively. The responses correspond to the simulation
results by the linearized model shown in Section 5. In the
figures, the solid lines denote the responses of the plant
with discretized control input. The dashed lines denote the
responses of the plant although u[k] = ϕ(σ[k]) = σ[k] and
u[k] = −Fix̃[k], (i = 1, 2) corresponds to a continuous con-
trol input. In Fig. 8, the discretized control input response
is slightly more deteriorated compared with the continuous
control input although both the responses provide good
convergence properties. Conversely, the discretized control
provides the significantly deteriorated response shown in
Fig. 9 compared with the continuous control input. The
deteriorated response is attributed to the excessive coarse-
ness of the smallest resolving power of the control input
(which was restricted by the sampling period of 20 ms and
the coarse quantizer shown in Fig. 1).

6.4 Numerical simulations by the proposed method

Impulse disturbance responses were obtained for the pro-
posed method as well as the conventional method. The

Fig. 8. Control responses with respect to control with 5
ms sampling

Fig. 9. Control responses with respect to control with 20
ms sampling

obtained simulation results are shown in Fig. 10. The
upper figure denotes the response of the displacement z,
and the lower figure denotes the control inputs. In each
figure, the solid line denotes the response of the proposed
method and the dashed line denotes that of the conven-
tional method. The performance of the proposed method
is superior to that of the conventional method. The essense
of the proposed method is that it makes the resolution of
the control input value finer.

If the sampling period is specified such that Ty = Tu = 5
ms in the conventional method, then we obtain the re-
sponses in the solid line in Fig. 8. The response is similar to
that of the proposed method shown in Fig. 10. This implies
that we can consider a relatively low sampling frequency
for the output measurement although it is necessary to
specify a relatively high sampling frequency for the control
input in the case of the plant with the quantized input such
as the plant in the present study. Therefore, the proposed
method is effective in cases wherein we do not consider
a high sampling frequency for the output measurement
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Fig. 10. Simulation results for impulse disturbance re-
sponse

although it is possible to consider a short sampling interval
for control input.

We verified that the control law of the proposed method
can be easily implemented with respect to the real-time
controller in the experimental system. The maximum cal-
culation time to obtain a control input was 7.24 ms with
the proposed method. The calculation cost is sufficiently
small and easily implemented in real controllers. The simu-
lation was conducted by a CPU equipped with Intel R⃝Core
i7 with 4 GHz and 8 GB RAM.

7. CONCLUSION

The results of the study indicated that control perfor-
mance deteriorated for a discrete input valued plant in a
few cases if a relatively low sampling frequency is used.
The findings suggested that multirate control by using
high input frequency is effective in terms of improving the
control performance in case of the low sampling frequency
for measurement. Furthermore, the MPC based method
to determine the high sampling input was applied. The
effectiveness of the proposed method was verified via nu-
merical simulations. The authors thank the reviewers for
their kind suggestions.
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Fig. 10. Simulation results for impulse disturbance re-
sponse

although it is possible to consider a short sampling interval
for control input.
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small and easily implemented in real controllers. The simu-
lation was conducted by a CPU equipped with Intel R⃝Core
i7 with 4 GHz and 8 GB RAM.

7. CONCLUSION

The results of the study indicated that control perfor-
mance deteriorated for a discrete input valued plant in a
few cases if a relatively low sampling frequency is used.
The findings suggested that multirate control by using
high input frequency is effective in terms of improving the
control performance in case of the low sampling frequency
for measurement. Furthermore, the MPC based method
to determine the high sampling input was applied. The
effectiveness of the proposed method was verified via nu-
merical simulations. The authors thank the reviewers for
their kind suggestions.
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