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Abstract

In the field of minimally-invasive surgery (MIS), double roller pump is one of the
medical therapy devices which have been used as an effective method for controlling the
rinsing fluid [1]. For example in the knee arthroscopy, the pressure inside the joint of the
knee needs to be controlled during the operation time. The stability of the pressure takes a
central role in this case because this avoids the situations of hemorrhages and fluid
depletion [2, 3, 4]. In this paper, a double roller pump is used as a medical device for
controlling the pressure in the knee arthroscopy. The pressure inside the knee joint is
influenced by the actual flow of the rinsing fluid. The operation of the process was
simulated and linearized for controller design. A physical model of the knee joint was built
for the experiments. The PI controller was designed based on Symmetric Optimum (SO)
method with an anti-windup strategy. Some parameters of the controller were adjusted, and
the results were compared in both simulation and real-time experiment. The adjustments
of phase margin in frequency domain were used for analyzing and evaluating the
effectiveness of the double roller pump usage in minimally invasive surgery.

1 Introduction

Double roller pump (DRP) is now applied commonly in minimally-invasive surgery. For the
visibility and accessibility in the operative area, the liquid is used for flushing via trocars. It is
necessary for a surgeon in controlling the pressure inside the area of operation during MIS.
Before the usage of automatic pump systems, gravity flow method was used first because of
the simplification in setup procedure [4,5]. From gravity flow method, the pressure is controlled
via the inflow of fluid. This was made by changing the height of the fluid bag. However, this
resulted in some troubles because of the inconvenience and inaccuracy. Since the years of the
1970s, types of automatic pump system have been developed for pressure and flow control [4].
A single roller pump was used for pressure control via inflow of fluid only. So far, DRP has
been used for controlling the pressure as well as the inflow and outflow separately. In this
contribution, DRP is used for the replacement of gravity flow method or single roller pump
type. Our focus is to build a process in experiments and design a controller of pressure via the
flows of fluid in arthroscopy. This is a case of studies for pressure control using DRP in MIS.



The pressure inside the closed operation area is changed rapidly depending on the change
of the liquid flow in minimally-invasive surgery. Applying in a typical procedure of the knee
joint arthroscopy, the pressure inside the joint needs be controlled for more accuracy to the
desired value whenever there is some change of liquid flow. This avoids unwanted situations
harmful to the patients. This type of automatic control provides to the surgeons an easier way
of using medical device. So the waste time for initial parameters setup as well as the operation
time will be reduced effectively.

An overview of the system operation is simplified in Figure 1 [6]. One roller pump is used
for providing the liquid inflow, and another roller pump is used for the liquid outflow. From
the simulation in Matlab Simulink, the process was linearized via the step response output. The
linearized transfer function consists of a first-order form and an integrating term. The controller
of the process is designed with a PI controller based on the symmetrical optimum method with
the anti-windup algorithm [7-10]. Some more details of the system overview are described in
section 2. The controller design is presented in section 3. Section 4 is the content of
experimental results and discussion. Finally, the conclusion is summarized in section 5.

2 System Overview

As shown in Figure 1, the controlled process includes the DRP with two DC motors for
pumping the fluid in and out from the operation area in MIS; two pressure sensors for the
pressure measurements. These measured data are calculated to the inflow Qin and the outflow
Qout. Two flexible rubber tubes are used for connecting from the rinsing fluid container via the
DRP to the operation region which is considered to the knee joint. Another pressure sensor is
used to measure the actual pressure inside the knee joint model. While doing experiments on
the real patient are unacceptable because of the risks, a plastic ball as a reservoir was used for
a knee joint model in arthroscopic surgery.

One DC motor (called M1) is used together with a roller pump for controlling the inflow of
rinsing fluid to the operation area of the knee joint. Another DC motor (called M2) is used with
another roller pump for activating the fluid out from the operation area. The outflow can be
adjusted whenever needed by a surgeon. The inflow should be controlled automatically
corresponding to the outflow. This means that the controller needs to be designed for keeping
the pressure in the joint knee model close to the desired value. For the knee arthroscopy, the
range of reference pressure is suggested from 30 to 60mmHg over the ambient pressure [4, 12],
(30mmHg is approximate to 4000 Pa).

From the experiments on the physical model, the step response outputs of the two motors
M1 and M2 were identified. Equation (1) is the linear function of the motors used as the first
order form with the time constant T and the delay time .

G () = (77%) - 2.
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Where: K is a constant.
For modeling the operation of the double roller pump, it can be assumed that the liquid flow
from the pump Qpump is depended on the rotary speed of the motor wwm.
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Figure 1: An overview of the knee arthroscopy in MIS [6]

qump = f(wun) (2)

Due to the hydraulic capacity Chyq Of the tube, a part of the flow generated by the pump still
remains in the tube. This part is called AQtube = Qpump - Qtube. This causes the delay of pressure
change at the end of the tube close to the pump. The relationship is indicated in equation (3).

ijump _ qumé)‘ - Qtube _ A(?tube (3)
hyd hyd
With Chyq is a constant; Qpump and Qtube are the flows.
In addition, the flow in the tube Qe is @ nonlinear component depending on the pressure
changed in the tube. This change of pressure is Aptube = Ppump - Pres (Ppump @Nd Pres are the pressure

from the pump and the pressure from the reservoir respectively).

Qeuve = f(APtuve) 4)

For modeling of the knee joint in MIS, a reservoir was used with the constant volume Ves.
The value Vs equals to the sum of air volume Vair and liquid volume Viig.

Vies = Vinee = Vair + Viiq = constant (5.9)

Vair(8) = Vres — Vliq(t) (5.b)

Any change of the liquid volume (dViig/dt) inside the reservoir leads to the change of air
volume (dVair/dt), but in negative sign.



Vair(t) = _Vliq ) (6)

The volume of liquid Viiq in the reservoir is changed by the actual change of liquid flow
Qres = Qin — Qout. This volume is described in equation (7).

VT@S

Vliq(t) = Vlqu + Qresdt (7)

0
Where: Viiqo is the initial volume of liquid in the reservoir (It is assumed to a constant).
Then the equation (7) can be rewritten as in (8).

Vliq (t) = Qres(t) (8)

On the other hand, by considering the air inside the reservoir as an ideal gas, the equation
of the pressure from the ideal gas law is written as in (9).

pres(t) ) Vair(t) = Mgir " R " Tgir (9)

Or:
Mgy * R Tair
Vair (t)
Where:  pres: is the pressure in the reservoir (it is also called pnee).
Vair and mair are the volume and the mass of the gas in the reservoir respectively.
R: is the ideal gas constant; Tair: is the absolute temperature of the gas.
It can be assumed that the values of mair and Tair in the reservoir are not changed even if the
pressure or the volume of gas is changed. So the equation (10) can be transformed into (11).

Pres(t) = (10)

(Mair * R Tgir) - Vair(t)
(Vair(t))z

Dres (t)=-— (11)

By substituting the equations (6), (8) and (10) into (11), the equation is rewritten as (12)
which indicates the nonlinear formation of the process.

DPres * Vair (1) _ Dres* Qres(t)
- VTES
Vair (1) — J," Qres(Ddt
The modelling of the whole process was implemented in Matlab Simulink using parameters

Dres(t) = — (12)

in Table 1. From the step response output, the process was linearized. The transfer function of
the process is described in equation (13), which includes a first-order form, an integrating
component and a function of the delay time t.

G(S) = (=5 s & 13
($) =(e s TstD) (13)

Where:  1=0.006 (sec), is the delay time; T = 0.038 (sec) is the time constant.
K = constant.



Name Value Unit Description
Vies 0.002 m3 Total volume of the reservoir
Viigo 0.001 m3 Initial liquid volume in the reservoir
p0 101325 Pa Ambient pressure (=760mmHg)
Chyd 10! m3/ Pa Capacity of the tube being used

Table 1: Parameters used for simulation and experiment

3 Controller Design

The pressure in the reservoir needs to be controlled via the rotary speed of the two motors
together with the DRP for activating the flows of fluid. The block diagram of the closed loop
control of the process is illustrated in Figure 2.

The plant G(s) in Figure 2 is considered to the linearized process in (13). The main input of
the controller is the error between the reference pressure prer and the measured pressure pres
from the output of the process. Another input of the controller ux(t) is activated from a surgeon
like a disturbance to the system. The signal ui(t) is generated from the controller G¢(s) for
control the process G(s). The goal is to ensure the output pressure pres close to the desired value
of prer. It should be noted that the signal uy(t) is used to activate the motor M1 for control the
inflow, and the signal ux(t) is used to activate the motor M2 for the outflow.

lua(t)
v
= u. (t t) =
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Figure 2: A closed loop of the controlled process

e Pl controller design

With the linearized process indicated in (13), a controller is suggested as a Pl controller
based on symmetric optimum method [7, 8, 9]. A general PI controller is described in (14.a).

! ) (14.3)

G.(s) =K PR <1+
c\S)=~&p P4 T, s

Equation (14.b) is the description of the PI controller based on SO method [7, 8, 9, 10].
Ge(s) = KC(TNT;V;;D (14.b)
Comparing from (14.a) and (14.b): the gain K. = Kp; the integral time Ty = T,. The transfer
function of the process in open-loop control Goy(s) is written by (15).
K K.
Ty

1 1
Gor(s) = Ge(s) - G(S) = (e77°) - ( )z I s+ D)3 (15)

(T-s+1)



The parameters Tn and Kc are calculated by the equations (16), (17) and (23). In the SO
method, the maximal phase response is adjusted at the crossover frequency (wc) of the open
loop controlled process. In addition, the Bode phase diagram of (15) is symmetrical around the
crossover frequency [8, 11]. Characteristics of the plant G(s) and the open-loop controlled
process (15) are illustrated in Figure 3.

The integral time:

Ty =a%T; (witha> 1) (16)

Where the parameter ‘a’ is depended on the desired phase margin or.
_ 1+ sin(pgr)
~ cos(pR)

The phase margin or of the process with the controller is calculated from [8, 13] in (18).

(17)

Qr =T+ (p(a)c) = tan_l(TNa)C) - tan_l(Ta)C) (18)
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Figure 3: Bode diagram of the plant G(s) and the open-loop controlled process GoL(S).

The integral time Tn and parameter ‘a’ are calculated depending the desired value of @r.
For the gain value Kc of the controller in (14), it can be calculated from the condition of
magnitude in (19).

M(GoL(jwc)) =1 (19)

KK ( 1\ (Tnw+1) _
A (w)(m) =1 (20)

On the other hand, when taking derivation by o = wc from (18), it is written in (21).

d(¢r)
d(w)

14+ (Ty w)? 14 (T -w)?

0 (21)

W=w¢



Definitely, with T # Ty, the crossover frequency in equation (21) is solved as in (22).
1

We = T (22)
By substituting (16) and (22) into (20), the gain of the controller Kc is solved in (23).
Ke =— @3)
aK-T

It is clear that both the parameters Kc and Tn of the PI controller will be altered when the
phase margin or is changed.

e Anti-windup for PI controller

The controller G¢(s) in Figure 2 is used to control the roller pump via the DC motor M1.
The input voltage limitation of the motor is from 0 to 5 VDC. To limit the wind-up phenomenon
which is usually taken into account in PID controllers using with an integral term of the
nonlinear process [8], an anti-windup algorithm was added in the PI controller as shown in
Figure 4. In this method, the integrating part stops working when the output of the controller is
out of the voltage range used for the motors. This means that when the control signal ui(t) is
higher than 5 VDC or less than 0 VDC, the output signal from logical operator OR becomes a
high logic. This high logic signal makes the integrator stop working. Otherwise, the integrator
works normally. The step response of the closed-loop controlled process is shown in Figure 5.

When the process (13) is considered to the formula of (24) by ignoring the very small delay
time 7, then the damping coefficient { should be chosen equal or greater than 0.5 in order to
keep the controlled process stable [14].

ooyl K1 f y
=3 (T-s+1) s (s+2¢wy) 24)

Where: wo > 0 is the natural frequency, and ¢ > 0 is the damping coefficient.

The closed-loop control transfer function of the system can also be approximated to the
second-order form for controller design. Depending on the phase margin, the parameters of the
controller and the overshoot of the controlled process in Simulink are shown in Table 2.

Phase margin Gain Integral time | Parameter | Settle time/Overshoot | Crossover frequency
@R (degree) Kc Tn (sec) a (sec / %) oc (rad/s)
37°(({~05) | 0.2412 0.1529 2 0.60 / 49.80 13.1
45° ({=0.707) | 0.1341 0.2215 2.414 0.70 / 36.80 10.9
50.69° ({=0.9) | 0.1156 0.2979 2.8 0.75 / 29.40 9.4
53.13°({=1) | 0.1079 0.342 3 0.80 / 26.90 8.77
60° ((>1) 0.0867 0.5293 3.732 1.00 / 19.95 7.05
78° ((>1) 0.034 3.4399 9.514 3.40/7.60 2.77

Table 2: Parameters from PI controller in different cases of phase margin
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Figure 4: An anti-windup algorithm for the designed PI controller
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4 Results and Discussion

Some experiments were implemented with different parameters of phase margin. Each of the
chosen phase margin in the frequency domain, the parameters of the controller were calculated
respectively. From the three cases comprarison of Bode diagrams in Figures 6, it should be
mentioned that the integral time of Tn is increased when the phase margin is increased. And
therefore the crossover frequency is adjusted decreasingly. In other words, the bandwidth of the
controlled process is expanded relatively into a lower frequency area by increasing the phase
margin. The main point of the controller is to keep the phase response symmetrical around the
crossover frequency but also reduce the steady-state error. So Tn value must be greater than the
time constant T of the process. Three cases of experimental results with different phase margin
are presented in Figures 7.a, 7.b and 7.c.
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Figure 6: Bode diagram of the open-loop controlled process Go.(s) in 3 cases of phase margin
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Figure 7.c: Experimental result in case of ¢r=78°

From the results in Figures (7.a, 7.b and 7.c), the measured output pressure was controlled
close to the desired value of 30mmHg above to the ambient pressure po (total value is
approximate to 105325 Pa). Noting that the more increased phase margin is, the more decreased
overshoot is. However, the more decreased phase margin is, the more reduced settling time is.
For the goal of controller design with the preferred overshoot less than 20%, it would be better
to choose the phase margin between the values 60° and 78°.

5 Conclusion

In this contribution, an overview of the knee arthroscopy in MIS was introduced, and the
medical device DRP was used in experiments for pressure control via the flows of fluid. With
the phase margin of 37°, the typical case of the symmetric optimum method from Kessler’s [14,
15], the settling time was reduced fastly but the overshoot was more than 43%. By increasing
the phase margin up to 78°, the overshoot was reduced gradually down to 7.6% while the
settling time was taken longer to 3.4 seconds on simulation of linearized function. However,
the good point is that the system was stable with some unknown disturbance loads from the
input of the two motors. This result would be suitable for implementing to the real patient in
MIS, especially in the knee joint arthroscopy. But for a wide application to other operating areas
of the patient’s body, the system should be developed with some more functions so that it can
be used with different cases of minimally invasive surgery. For example, basing on the current
blood pressure on the specific patient, the system can be controlled and adapted to the states of
blood pressure and other suitable requirements automatically.
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