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The survey shows the detailed PID controller design how to stabilize
the inclination angle as well as the horizontal movement of an inverted
pendulum on a cart system step by step. Pendulum model is based on
Euler-Lagrange modeling, and the nonlinear state space model is lin-
earized in the unstable upward position. Controller design is performed
by applying the transfer function description. The pendulum has been
inserted into a virtual reality laboratory, which is suitable to use in model
based control teaching.

inverted pendulum, model based control, PID controller design

1. Introduction

The paper presents a comprehensive study of PID controller design for an inverted
pendulum mounted on a cart.

The inverted pendulum is an unstable system that must be stabilized by the pushing-
pulling force F' = F(t) acting on the cart (Fig. 1), i.e. to reach ¢(t) — 0 in the
stationary state, where ¢ = ¢(t) is the inclination angle. The pendulum simply falls
over if the cart is not moved to balance it. The actuator is typically an electric motor.
The cart can move only along the x-axis.
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Figure 1. The inverted pendulum model.

The system input is the force, u(t) = F(t). First, the output is only the inclination
angle ¢ resulting a single input single output system (y(t) = ¢(t)). Second, the
horizontal movement x = x(t) is also stabilized, i.e. the plant is a single input and
multiple output system (y1 (t) = x(t), y2(t) = p(t)).

The studied plant is a popular example commonly found in control system textbooks
and research literature [1-7]. The dynamics of the system are nonlinear as presented
in the paper based on the above mentioned literature, but PID controller design is
based on the linearized system. All the PID type controllers are presented in detail.

The aim of this survey paper is to show the Euler-Lagrange modeling of the inverted
pendulum system, than the linear PID controller design step by step. The mentioned
formulations are deeply presented in detail, that it why it can be used in teaching of
model based control.

The really operating device has not built in this research, however the virtual reality
based implementation has been performed which is applicable to understand the steps
of control design.

A real-world example that relates directly to this inverted pendulum system is the
attitude control of a booster rocket at takeoff or the well-known personal transporter
Segway.
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2. Dynamic model of the pendulum

To set up the dynamic model of pendulum, the Euler-Lagrange equation is applied,

dOK 0K 0P
dt 0¢;  dqi = 04

Ti ey

where K is the kinetic energy, P is the potential energy, g; and 7; are the generalized
coordinate and the generalized torque (force), respectively. In the case of pendulum
1 =1,2,1i.e. ¢1 = x and g2 = ¢, moreover 7y = F' and 7o = 0. Here F' is the force
pulling or pushing the cart. This is an underactuated system because there are two
output signals (z and ¢) and only one input signal (F').

The kinetic energy of the system is as follows:

1 ., 1 1.
K= gme + §MU]2\4 + 56)<p2, )

with the mass of cart, m, the mass of rod, M, and the inertial moment of the rod
belonging to the center of mass, ©. The value of the last term is © = %M L? (the
length of the rod is 2L). The coordinates and the velocity of the center of mass of the
rod are x 7, yps and vyy.

The potential energy of the system is
P = MgLC,, 3)

where g is the gravitational acceleration. For simplicity, S, = sin¢ and C,, = cos ¢
notations are used in the paper.

The velocity of the rod center of mass can be obtained by the coordinates as follows:

vi =3 +0d = (@ + (LS,)) + (LC,))?

.92 .. 2.2 (4)
=3°+2LC, 2o+ L7p~,

since )y = x + LS, and ypr = LC,.
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The terms in (1) can be obtained easily:

0K 0K oP

2 —mi+ Mi+ MLC,¢ = = Dy
9% ma + Mz + Co, Oz 0, or 0,
0K oK opr
— = MLCyi + ML b, —— =—MLS,i¢p, —— =-MgL
8()0 C<p1' + P+ 9307 8(,0 SW{ESO’ 64,0 9 S<P’
(%)
and
d 0K
5 a5 = mE+ M+ MLOyp — MLS,@,

Q)
d 0K .. . 2 5
T MLCy& — MLS, 3¢ + ML*¢ + O¢.

Putting everything together gives the following differential equations:

(m+ M)#+ MLCyp — MLS,¢* = F, o
MLCy# + (ML? +©)$ — MgLS, = 0.

From these equations, after some algebraic manipulations, the second order deriva-
tives can be yielded as

5 MLS,Cp¢? — (m+ M)gS, + FC,

, 8
MLC2 — 3(m+ M)L ®)

and . Y .
5o sMLS,9* — MgS,Cyp + 3 F
3(m+M)—MC?

(C))

The two second order differential equations can be rewritten as four first order
differential equations by introducing state variables: x1 = z, zo = &, 3 = ¢,
T4 = ¢, 1.e. x9 = 1 and x4 = 3. Finally, the state space representation of the
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dynamic modell is the following:

xr1 = T2,

_ SMLS,,if — MgS,,Cu, + 3F

i'Q - 9
%(m+M)—MC£3 (10)
T3 = Ty,
o MLSy,Coyid = (m+ M)gSs, + FCu,
.=

MLC2, — 4(m+ M)L
This nonlinear system can be linearized in the unstable upright position, when
¢ = 0and ¢ = 0, i.e. the approximations S, = ¢ and C,, = 1 can be applied.

At the end, the linearized system can be modelled by the following state space
equations:

jjlsza
—3Mg 4
. r
2 4m—|—Mx3+4m+M ’ (11
i’3:$4,
. 3(m+ M)g 3
Ty =

_ F
AmL+ ML™ ™ 4mL + ML

It can be written in the usual matrix form of SISO (single input single output)
systems as

X = AX + bu, (12)
y = ¢ x + Du,
where
0 1 0 0 0
00 Mg g 4
_ dm+M _ Im+M
A= 0 0 0 E b= 0 . (13)
m 3
0 0 i’fnﬂ]ﬁ@i 0 T AmL+ML
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Let the output y of the system be the variable ¢, in this case
¢'=[0 01 0], D=o. (14)

Here x = [z1 2 23 14]T is the vector of the state variables.

In the case of the two output system y = Cx + Du, where

1000 0
C:[ 010]’1):[0}’ (15)

|" is the output vector.

andy = [z

For simplicity, the following notations are used to obtain the transfer function of
the model:

01 0 O 0
10 0 ¢ O | B
A= 00 0 11|’ b= 0| (16)
00 p> 0 «
The transfer function of the system (13)-(14) with the notations defined by (16) is the

following:

B(s) _L{p(t)} _ «a
Uls) L{u(t)} s>—p*
Here, the subscript P is for the plant, and the operator £{} represents the Laplace
transform.

Wp(s) = a7)

The transfer function

—0.01 —0.01
Wels) = 5qm = (s +1.21)(s — 1.21) (18)

is applied in the paper to represent the results (m = 5, M = 10, 2L = 20 in a
coherent unit system, furthermore & = —0.01, p = 1.21, 8 = 0.13, ¢ = —9.81).

It is easy to see that the system is unstable, because one of the poles is surely
positive: p; o = =£p. It is noted that the four eigenvalues of the system matrix A are
)\172 = O, )\3’4 = :tp
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3. Stabilizing the SISO plant by PID controllers

The typical closed loop block diagram of the controller system is shown in Fig. 2,
where the Laplace transform of the signals are highlighted: the input and output of
the plant are U = U(s) and ® = ®(s), the reference signal is zero, and E = E(s) =
0 — ® is the error.

0 E PID U O]

+ %_ Controller

Figure 2. Block diagram of the controller system.

A4
\ 4

The transfer function of the open loop is W = WWp, where W and Wp are
the transfer function of the controller and the plant, respectively. The notation (s)
will be cancelled in the following part of the paper.

In the followings, all the four controllers are studied.
3.1. Applying P controller

In the case of P controller, W is a constant, denoted by Kp (W = Kp), furthermore

Wo = Kp—o . (19)

827])2

First, the Nyquist criterion and Nyquist plot are used to check whether the plant
stabilization can be performed or not. It is well known that the Nyquist contour of
this open loop system (with one unstable pole) should encircle counter clock-wise the
point —1 4 jO once. It can not be satisfied as it is demonstrated in Fig. 3 when the
gain is negative (e.g. Kp = —200). The Nyquist contour encircles the point —1 + jO
once, but its direction is clock-wise. When Kp is positive, the Nyquist plot is on the
right hand side plane resulting non stable system.
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The result can be verified by the root locus of the open loop transfer function
(Fig. 3). One of the poles stands on the right hand side of the complex plane while
Kp > 1is changing. It is not shown here, but the poles become unstable conjugate
complex pairs when Kp is negative and large enough.

1e-16 40.0
asymptotic directions
X x Xopen loop poles
5e-17 4 20.04
)
—~ 8
(<)
S 000 g oof
E £
= =)
<4
£
-5e-17 4 -20.01
-1e-16 T T T T
-40.0 T T
16 2 08 04 0.0 400 200 0.0 200 40.0
Re(Wo) Real axis

Figure 3. Nyquist plot and root locus of open loop system with P controller.
Now, let us prove this by analytically checking the poles of the closed loop system,
too. The transfer function of the closed loop system is

_ Wo _ B
1+Wo A+ B’

Wer (20
if Wo = £, moreover B = B(s) and A = A(s) are the numerator and the denomi-

nator of the open loop transfer function, respectively. The roots of the polynomial
A + B (the poles of Wy,) are responsible for the stability of the closed loop system.

In the case of P controller A + B = s2 — p2 + Kpa, from which the poles are
p1,2 = £4/p? — Kpa. If Kp is positive, one of the poles is usually unstable (o < 0).
If Kp is negative, the poles become complex numbers with zero real part.

At the end, it is concluded that stabilization can not be performed by simple P
controller.
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3.2. Applying PD controller

In the case of PD controller,

1+ STD
We = Kpp——— 21
C PDT STy (21)
where T and T, are time constants, and Kpp is the gain of the controller.
First of all, Wp is rewritten in the form
Wp = 2 = (22)

— p?
52 — p? B s _s)
(e5)(-3)
Next, the stable pole of the plant is cancelled by Tp, i.e. Ip = %. The open loop
transfer function becomes

K 1
Wo = — ;go‘ , - 23)
(1+ sT%) (1 - 5)
The following inequality must be satisfied when selecting the value of T7):
1 1
R (24)
T, 1p

The root locus of the open loop is shown first in Fig. 4 with positive and negative
gain (here T, = T /10 is used). It is easy to see that the system can not be stabilized
by any positive gain, but appropriate negative gain can stabilize the pendulum.

It can be checked by the Nyquist diagram of the open loop transfer function as well.
See Fig. 5 for Kpp = —200. The Nyquist contour encircles the point —1 + jO once
counter clock-wise if the value of Kpp is large enough with negative sign.

Fig. 6 shows the impulse response of the closed loop system. The transient can
oscillate when the gain is too high, anyway the stabilization time is shorter.
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Figure 4. Open loop root locus of PD controller with positive and negative gain.
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Figure 5. Nyquist plot of open loop system with PD controller.
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Figure 6. Impulse response of the closed loop system.
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Figure 7. Bode plot of open loop system to determine gain.
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The open loop Bode plot is shown in Fig. 7, from which the maximum phase
margin can be read easily, PM,,x = 55° at w, = 3.8, i.e. Kpp = —456. In this
case, there is no oscillation.

It can be computed analytically, too. The phase of the open loop system is the
following:

D (w) = —180° — atan wT}, + atan% (25)

having the maximum value of phase margin at w = , /#-, i.e. the maximum phase
D

margin is

PMpyax = —180° — atan, /pT}, + atan (26)

1
VT,
By these nonlinear expressions, the phase margin and the cut-off frequency, i.e. the
transient behavior, can be designed semi-analytically.

For example, the PD controller
We = —456————— 27

is a good choice to stabilize this system with maximum phase margin without oscilla-
tion.

Finally, the Routh-Hurwitz criterion is applied. In the case of PD controller
A+ B = s?T)p + s(p — p*T}) + (Kppa — p?) which has the same roots as the
/ 2
monic polynomial s? + s(l_ﬁTD) + (Kpgf"p_p ). According to the Routh-Hurwitz
D D
criterion, the coefficients of the above polynomials, after inserting the designed

controller parameters must be positive.

PD controller can be designed by the Routh-Hurwitz criterion as well by prescribing
the coefficients of the characteristic polynomial, i.e. by setting the value of p; and py,
>, (1—pTpH)  (Kppa—p?)

=0 28
s°+s T]S + T/Dp ) ( )

p1 DPo
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ie.
L P +popTh

o = PD
p+p o

(29)

An example is presented here to show how to use these expressions. Let us,
say, determine the overshoot of any transient to be less then Avy,., = 5% and the
settling time to be Ty = 2 with the tolerance fraction A = 2%. These criteria
can be represented by supposing the dominant pole pair of the closed loop system,
pr2 = —&NQ £ j/1 — &2, where £ and Q are the damping ratio and the natural
frequency of the complex pole pair. The damping ratio and the real part should be
higher than (o = £Q)

gmin = ; = 077 and Omin = *%
1+ = Ts

In2AUmax

1%

2. (30)

The following dominant pole pair, for example, can satisfy these criteria (£ = 0.9,
o=£E60=05)p2=-5=£j24, ie p; =10andpy = 30.8, and

We = —480%. (31)
It can be concluded that the pendulum can be stabilized by a PD controller.
3.3. Applying PI controller
The transfer function of the PI controller is the following:
R (32)

where 771 and Kpr are the time constant and the gain of the controller, respectively.
The stable pole of the plant is cancelled by 17, i.e. 11 = %. The open loop transfer

function can be written as

K 1
Wo = — 1@ . (33)

p2 STI<1—§)
p
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It is easy to check that A + B = 52 — sp + Kpra. The sign of the second term
—sp is usually negative, because p > 0. It means that the Routh-Hurwitz criterion
can not be satisfied, and the plant can not be stabilized by PI controller.

3.4. Applying PID controller

The following transfer function of PID controller has been used in this paper:

].+8T11+STD
sTy 1+ 8T}

We = Kpip (34)

The stable pole of the plant is cancelled by Tp, i.e. Tp = %. The time constant
of the integrator can also be set to the value 71 = %. The inequality (24) must be

satisfied again when selecting the value of 77,. Finally, the open loop transfer function
can be written as

_KPIDOL1+% 1

Mom T (1+sTp) (1-2)

(35)

Fig. 8 shows the root locus of the open loop system with negative gain when

20.0

asymptotic directions
[x X xopen loop poles
o o oopen loop zeroes

10.0

0.0 x

Imaginary axis

-10.0+

-20.0 T T T
-14.0 -10.0 -6.0 -2.0 20

Real axis

Figure 8. Root locus of open loop system with PID controller with negative gain.
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T{, = Tp/10. It can be seen that the pendulum can be stabilized by a high enough
negative gain. With positive gain it is not possible.

The maximum phase margin has been determined by the Bode plot resulting the
gain Kpip = —871 and the cut-off frequency w, = 5.8.

The open loop Nyquist diagram can be seen in Fig. 9. This is a magnified plot to
check the counter clock-wise direction of the contour around the point —1 + jO.

-6.0 -4.5 -3.0 -1.5 0.0
Re(Wo)

Figure 9. The open loop Nyquist diagram with PID controller, Kpip = —871.

The PID controller

1+ 50.82 1+ s0.82
= —871 36
We =808 1+ s0.082 (56)
is a good candidate to stabilize the system resulting the closed loop impulse response

shown in Fig. 10.

Finally, the Routh-Hurwitz criterion is applied to check the stability. The following
polynomial is obtained:

A+ B=3sThp+s> (p— p*Th) +s (Kpiper — p*) + Kpipap 37
~~ ——

as az ay ao

Not only the coefficients ag, a1, as and as must be positive but there is one more
criterion according to the Routh-Hurwitz rule: a,as — agas must be positive.
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Figure 10. Impulse response of the closed loop system.

The controller can be designed by prescribing the coefficients of the characteristic

polynomial, i.e. by setting the value of ps, p; and pg, moreover 717 is free,

1 — pTY K; —p? K
52 p D g PIDX — P PIDX

3
s° + =0,
T I, 1Ty
—— —————— N——
D2 D1 Po
from which the controller parameters can be obtained as
1 1 p? + p1 T} aKpip
Th=-, T = , Kpp=—-—"2L T}= -
P p+p « ppoTr,

It can be concluded that PID controller is able to stabilize the pendulum.

4. Stabilizing the horizontal movement

(38)

(39)

Unfortunately, there is a problem with the above mentioned controllers: the cart moves
along the z-axis, although the PD and the PID controllers are able to stabilize the
angle of the pendulum. This design would not be feasible to implement on an actual
physical system. In this Section not only the angle, but the horizontal movement is

stabilized by PID controllers according to Fig. 11.
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The controll signal «(t) is the sum of two controller signals [5], i.e.

U:_WCH (Xr—X)+WC2 (O—CI)) (40)

s \K/C2 > sz >
0 @

Figure 11. Block diagram of the two loop controller system.

The following transfer function with two integrators must be appended:

X Bs? +
Wp, = == 55—, 41
S JAPS (s2 — p?) @
where v = auqg — Bp?. The horizontal movement is according to the integrators in this
transfer function.

In this section the following notation will be used for (17):

d o
Wp,(s) = U2 (42)

The horizontal movement and the inclination angle can be expressed by the closed
loop transfer functions,

—Wp, Wc,

= X, 43
1—-Wp, We, + Wp,We, “43)

X

and

_WP2WC1

= X, 44)
1— Wp,Wo, + W, Wa, (

)

71



M. Kuczmann — Acta Technica Jaurinensis, Vol. 12, No.1, pp. 55-81, 2019

The closed loop system stability is depending on the denominator term 1 —
Wp, We, + Wp,Wc,. This means that the two controllers W¢, and W¢, can
not be designed independently.

There are 16 possible combinations of the two controllers: P-P, P-PI, P-PD, P-PID,
PI-P, PI-PI, PI-PD, PI-PID, PD-P, PD-PI, PD-PD, PD-PID, PID-P, PID-PI, PID-PD,
PID-PID. Unfortunately, not all of these setups are feasible. Next, only the controller
transfer functions mentioned in Section 3 are studied without analyzing the possible
Diophantine equations [1, 2] (this is planned in a separate paper). It is noted that
the time constants have no got physical meaning, they are just parameters of the
controller.

4.1. P controller for horizontal movement

In the case of P-P configuration W¢, = K, We, = K2, i.e.

Bs? + o 2
$2(s2 — p? )KP+ K;=0. (45

2 _p2
After a short algebra, the following polynomial can be obtained:

1-— VVprVC1 + Wp2W02 =1

s*+0s® + (aKp — BKp — p°) s° + 0s + (—Kpv), (46)
resulting a non stable closed loops system, because the coefficients of the terms s*
and s are zero.

It is easy to check the statement that, the P-PI system is similarly unstable. In this

14sT2 . )
case We, = Kp, We, = K3 +;21 , and the coefficient of the term s> is zero.

In the case of P-PD configuration W¢, = K¢, W, = K3 LT e,

PD1+ST/2’
Bs% + o 1—|—ST2
l—WP1W01 —|—WP2W02 =1 2(82—}9 )Kp—|- CR KPD1+ T/z =0,

(47)
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from which, after a short algebra, the following polynomial can be given:

2~ SKD + oKy

1 T2
Pt st + (—p2 — BKp + aKl%DTPz> s® +
D

T/2 T/2
D - D (48)
+ (—Kp) s+ <— T’2P> .
D

The P-PD configuration is redundant, because there are four parameters to be deter-
mined (K%, K2, T2, T{?), but there are five equations according to the fifth order
polynomial. In the followings, redundant systems will be skipped.

The P-PID system is finally feasible. From the characteristic equation

B+ 4 o o 1+ 8T 1+ sT3
A e R s =0 @)

the following polynomial can be got:

—p? — K + o K3, T3 $2

s54 Lo + (—p® — BK}) s* +
|

TZ 5
T p3 h
4 2
(50)
T2 1 aK3., — yKLT?
1 2 D 2 PID P71
(K3 ¢ Ry ki )+ P
p1 bo

From the resulting five equations the following controller parameters can be obtained
analytically:

1 T12
ngi’ K%,:_M’ 51
P4 Y

and T3 is the solution of the second order equation

(b1 +7K3) T8 (T3)* + (—p? = BKb — poTH) T3 + (ps + p* + BKD) Tf = 0,
(52)
finally

ps + p* + BK}
Y ="——=5 Kbmp=

p1+YKD o
- P TP a2 53
U (py +KL) TR a 4D (53)
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The impulse response of this system can be seen in Fig. 12 when all the desired
poles of the closed loop system are equal to —1, i.e. the characteristic polynomial is
prescribed by s + 5s5* 4+ 1053 + 10s2 + 5s + 1. It can be seen that all the system
outputs have been stabilized. The behavior of the closed loop system can be set by
the desired poles.

0.3 1.2
Horizontal movement

Horizontal movement
— = Inclination angle — = Inclination angle

0.0 5.0 10.0 15.0 20.0

Figure 12. Impulse response of the closed loop P-PID and PI-PID systems.

4.2. PI controller for horizontal movement

Only PI-PID can be used as stabilizing controller from the second group. It is easy to
check that, configurations PI-P, PI-PI and PI-PD result in redundant systems, moreover
some of the polynomial coefficients are equal to zero.

The design of a feasible PI-PID system can be performed by the characteristic
equation

Bs?+~v 4 1+ sT} a o 1+ 8T 14 sT3
1-— K K =0. 54
s2(s2 —p?) PI ST + s2 —p2 FPID sT? 1+ sTE (54
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The following polynomial can be obtained after some manipulations:

1 T2
S+ — 5+ (—p2 — BKp + aK%IDTPQ> st
D

T/2
-
ps pa
2 /2 2 2
4 T{ + T T +15\ 5
+<_T’2 BK b= TITZ +aKpp 5 TPT2

p3

. . (55)
—VKp; — BEp = + aK21p =55 | 5
+< VKpr — PITITS2 +o PID 772 s

P2
, M+ TF —vK}y
N—_——
P1 Po

From the resulting six equations the following controller parameters can be obtained
analytically:

1 P po T T3
ngia Tllzi_ ]/327 K%’I:_ L D’ (56)
bs Do v
the parameter 773 is the solution of the second order equation

BKl 9 p2 Tl + T/2
Kl PI T2 — — K T
(p2 +yfpr + TITE ( D) +|—ps T’2 — BKpr TlT/2 D (57)

+ (p4 +p* + 5KPI) =0,

and finally

pa+p? + BKY, pa+p° + BKp T2

l; =
KL ) PID 2
T3 (p2 + by + 1% ) oTp

Tf = (58)

The impulse response of the stabilized system can also be seen in Fig. 12. All the
closed loop system poles have been set to —1, i.e. the characteristic polynomial is
prescribed by s5 + 65° + 155% 4 2053 + 1552 + 65 + 1.
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4.3. PD controller for horizontal movement

When W¢, = K} PD 1115??1 , PD-PI and PD-PD controllers result in feasible solution.

PD-P controller is redundant and, at the same time, PD-PID is under determined,
because there are seven parameters to be determined, but the characteristic polynomial
degree is only six.

The PD-PI controller is based on the equation:

Bs?+~ 4 1+sTH a 5 1+ sT7
1-— K, K =0 59
s2(s2 — p?) PD1+5T1’)1 + s2 —p2 Pl ST? J (59
from which the following polynomial can be written:
5, 1 4 2 I 2 3
S+WS + —p _BKPDF—’—O‘KPI S
D D
Pa p3
+ i _ ﬁKéD K Tll + T2 2
Ty T ol T’1T2 (60)
P2
+ aK3g, . 1KppTH s+ _’YKPl>D
THT? T Ty )
p1 Po
The analytical solution of the five equations is quite simple:
2
ol g wTh g pTE - p (TB) —pst BKbp
D p47 PD v ) D — ﬁKPD +7K1 T/l )
T/l PD
72 _png)l -1 (T’l) — YKL TATH + p? + BK%,D (61)
7=

YK TS + pi T

plT + ’YKPDTD T
I-
«

KPI
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The PD-PD controller is based on the equation:

Bs? 4+ 4 14T oY o 14 T3
1-— K K =0. 62
s2(s2 —p?) PDy + sTH + s2 —p2 PDq + sTf? 62)

The following characteristic polynomial is coming out after some mathematical
manipulations:

T/l + T12 1 Tl T2
S6+S5 D D +S4 ( _BKllDDTPl +aK1%DT/D2 _pQ)
D D

151y " \IpTE
Ps Pa
T/l +T/2 Tl _|_T/2 T/l —|—T2
3 2D
+s <_ T]/)lT]IDQ BKPD T/lT/2 +aKPD T/lT/2 )

p3

(63)

2 1

p 1 1 1 Ip 2 1

+5 ( — BKppmim — VBppm7 T @Kbp
TS T]’D2 Tg T152 TS T]’D1 Tg

b2
TS+ T# ~K S
1 D D PD
+s ( ’YKPD T/1T12 + _T]/31T152 .

Pp1 Po

The analytical solution of the equations according to this polynomial is tedious. Now,
the system of six nonlinear equations has been solved numerically. In this case it is
very difficult to find an initial set of the unknown parameters. The experience of this
study is that, it is much convenient to use analytically solvable controllers.

4.4. PID controller for horizontal movement
The PID-P controller is redundant, but the other three versions can stabilize the

pendulum. The PID-PI controller setup easily can be obtained analytically. The
design of a feasible system is based on the characteristic equation

Bs?+~v . 1+ sTH 1+ sTS a o 1+ sT7
— s K =0 64
s2(s2 —p2) PP ST 14 sTY —p2 P T 64

77



M. Kuczmann — Acta Technica Jaurinensis, Vol. 12, No.1, pp. 55-81, 2019

from which
1 - T!
sS4 T s° + <p2 — BK}JIDT—% + aK}2>1> st
D D
ps5 Yz
2 1 1 2 /1
D 1 Iy +Tp o IT +T5 Y 3
Y gl L 1D K2 1L '-D
+< Tlsl ﬁ PID TllT],jl +a PI ijQT]/Dl
p3
—VYRPID T T PID oiqv1 T OB P10t | S
e E T
p2
T+ 7} —vK}
Kl LT D __IT*PID
+< YR p1D T TIT!
———
p1 Po

is the characteristic polynomial, where from the controller parameters can be obtained
analytically, T} = p%), furthermore the parameter T3} is the solution of the second
order equation

2
<5p0 +poT{31> (Tp) +( on plT]/31> Th

Bpr  Bpon | P4 !
+ (,y - TTB +TT,)1+p2T1/3 —p3 ) =0,
and finally
2 1 TP
1 _bh 1 1 p{TH , _Patp +ﬂKPIDT7§
Iy =— -1y, Kpp=—-—"——"—7 Kp = ;
Po v o 67)
2
po__ mtp (D) - T
2 =

i :
peTf = i TR + poTh ()" — 2Ty

The other two controllers, PID-PD and PID-PID, contain seven and eight param-
eters, respectively, and the characteristic polynomial order is seven. The detailed
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presentation of these equations are not shown here. The analytical solution of the
equations according to these controllers is lengthy and tedious, the system of nonlinear
equations can be solved numerically in both cases. It must be highlighted again that,
it is very difficult to find a good initial set of the unknown parameters. Anyway it
is not a drawback, because there are many other possibilities that can stabilize the
pendulum as it is previously shown.

Figure 13. The inverted pendulum model in the virtual laboratory of MaxWhere.

5. Implementation

Controller design and analysis have been realized firstly in Scilab [8]. Then the
virtual reality based implementation has been performed in the frame of MaxWhere
as a freely available virtual laboratory [9, 10]. A separate future paper is planned
to show the virtual lab. A snapshot about the lab can be seen in Fig. 13, where
the controller settings and oscilloscopes showing some signals (e.g. the angle of
pendulum, the horizontal position, the acting force versus the time) can be seen
among other information like the theoretical background.
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6. Conclusion and future work

Classical PID controller design for the problem of inverted pendulum has been shown
in detail in this paper. Two controllers are necessary to design for stabilizing the
system. It is clear that, the design of two dependent controllers is tedious in some
cases, however the state feedback controllers can solve this problem in an easy way.
Next, the state space representation based controllers will be presented [1-4,6,7], like
the Ackermann formula and the Bass—Gura pole placement techniques, furthermore
the linear quadratic optimal controller design. The Diophantine equation based
controller design, the Youla-parametrization [1] are also planned to realize as well as
nonlinear techniques [11, 12] and model predictive control [13].
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