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Design Of Different Controllers In Quadcopter
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Abstract: Quadcopter is an unmanned aerial vehicle with four propulsors.Design of controller is necessary for
the proper and safe movement of quadcopter under any adverse conditions like climatic changes,air bumps
etc..For attain stability under these conditions we design different controllers.For design the controllers we
choose 3 control variables such as pitch,yaw and angle.As part of derive the equations of mathematical
modelling first define and explained the coordinate system.By using this coordinate system the controller
parameters are designed.First derive all the parameters by using Newton-Euler's equations.Then by using these
we design controllers using different control techniques.Here mainly using PID controller,
Adaptivecontroller,Model Reference Adaptive Controller(MRAC),Self Tuning Regulator(STR) and kalman filter
based controller.The final stage is to analyse and compare the stability of the system using these controllers and
choose the most stable controller for quadcopter.

Keywords; Newton-Eulers Equation, PID controller,Adaptive controller,Model Reference Adaptive
Controller(MRAC),Self Tuning Regulator(STR),kalman filter based controller.

I.  Introduction

Our project is aimed at developing the different controllers for minimize the accidents in quadcopter
due to the climatic changes,air bumps etc.The quadcopter and helicopter is basically more or less same
operations.The structural difference is makes them different.We design controller for quad copter because it is
less stable compared to helicopter.This paper describes a detailed modelling of controllers for the stable
operation of a quadcopter.The quad copter stability is analyzed by different controllers using different control
techniques.The basic equations for each controller will be same.Mainly we need to derive the basic equations
and we need to form the transfer function.By using this transfer function as base, we design all the controllers
and checking their stability.Here we mainly use PID controller,Adaptive Controller and MRAC™. A quadcopter
with four rotors, and each has variable speed,allows the rotors have a balanced variation in operation in field of
thrust ,speed and acceleration in the desired directions.Generally a quadcopters have six-degrees-of-freedom
(DoF) , which means that they can move along the space axes X,Y and Z and the control variables roll (),
pitch (0) and yaw () anglest™.

1. Methodology

Quad copter, also called as the quadrotor is a type of helicopter with four rotors. All the rotors are
directed in the upward direction and then forms in the shape of a square with equal distance from the centre of
mass of the quadcopter.The main application of the quadcopter are used in surveillance,rescue and
search,construction inspection and other applications®.

Fig.1 shows the simple structure of a quadcopterAs Quad copter is an unmanned aerial vehicle with
four propulsions which enables them for the vertical takeoff and landing. It has three degrees of freedom 3 DOF
and four control variables which determines the stability of the system.The number of the control variables and
the number of propulsors and they affect the position and attitude of the quadcopter in spacel®.

FACTORS EXPLANATION
F1,F2, F3,F4 Forces created by rotors
wl, w2, 03, w4 Angular velocities
T™,, TM, TM3,TM4 Torque

Table 1: Parameters of quadcopter
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Input Controller Quad copter Output
System

Fig 1:Quad copter structure Fig 2: Block diagram Representation

1.Mathematical Modelling

From the quadcopter structure,we get all the parameters required for the designing.That is the force
created,angular velocities, torque and their corresponding directions.The linear position is obtained from
coordinate axes X,Y and Z. The attitude is defined in the coordinate system with three angles .Pitch angle 6
specifies the rotation of quadcopter around the Y axis. ¢ is the roll angle represents the quadcopter rotation
around the x-axis and v is the yaw angle around the z-axist™.

Fig. 3. Coordinate system representation
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The origin of the coordinate system is situated at the middle part of the quadcopter.From the system the Vg
represents linear velocities and angular velocities by V.

l—&l[ﬂ =)= [p-l (2)

U] R

The Sx and Cx represents the sine and cosine angles.

C.Cp CpSpSy — Swl'o CypCeSt + SpS,
R=| 5,0 S,55+5.,C6 S5;C35 —C,S55
Ss SaCa CsCy
(3)
By solving these equation we obtain the state space model as,

T 0 Cy C,;)C() + SYSy
J| = —g |0 +T/m | SpCypSe — CSy 4)
E 1 ('-"(.f'(’-’"(}
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1.1 Newton-Euler equations

The Newton-Euler equations are used to find out the basic parameters of the quadcopter. In the system,
necessary force required to accelerate the mass m Vg and the centrifugal force v x(mVg) are equal to the gravity
R" G and the total thrust acting on the rotors Tg.

mVp + (myB) = RTG + 1 (5)

In the system , the effect of centrifugal force is negligible. Hence the gravitational force andthe magnitude and
direction of the thrust adds to the acceleration of the quadcopter.

mVp + (myB) = RTG + 1 6)
mé = G + Rl @)
T 0 CyCyCo + ShSy
gl = —g |0| + T/m | SypCpSe — CpSy (8)
% : CyCy

In the system, the angular acceleration of the inertia I, the centripetal forces v x (1) and the angular forces T are
equal to the external torque t.

P 1.‘1‘ P P 0

v = 17“1 < q [J‘;[q - Ir q 0] w, + /\> (9)
T -[.l rr r 1

1.2Euler-Lagrange equations

In this equation we mainly consider the rotational, potential and translational energies.The Lagrangian
L can be obtained by adding the rotational and translational energy and subtract it with potential energy.

L((], (1) = b'l'run..s’ =+ b“rul _ bv[)u! = "”/2(-'1‘(.‘ yc I/QI/TII/ —mgz

(10)
The Jacobian matrix J from to isy,
Jn)=J=W'ylWy (11)
I.A 0 “[\\-\‘n
= 0 IyyCsz (Iyy — 122)CsCase
IxxSe (Iyy = Izz)CaC0Sy IxxSe2+ IyyCy202

Hence, the rotational energy E, of the system is given by,

| R 1
Epor = (5)VTTv = (3)ifL i} (12)

From these we can write,

T ) 1 ColaSo + 8.8 A 0 }) i
; ¢ o

y| = 0| +— ‘B8O S, — ) Aie )] 1

'I g M |t e m 43 /

| Cal’o 0 0 A

L

By solving the equations 1 and 2 we get the transfer function for the controller.

3. Design of PID
In the simulation part we mainly deals with the PID controller and its stability analyasis. For that we
are using the equation.

T o v [ CataSo + S84 Aics () 0 fr
Y a7 | (1 ‘ Yy :
i —q |0 + A 8,880 — Calig|l—— | 0 A, 0 ]
gl oo 10 0 A :
(14)
From this equation we can write,
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i 0] ,[0206] | 025 0 0] [&
il = 0 ]|4+—1—-0.185] —— () (.25 () 1
gl Mlogst| ™| o o0 o022

(15)

By using this we get the transfer function as,
Y1 (8) 0.525

6
U(s) §7 4 0.534% (16)

Yals) 0.395
U(s) s 4 0.534s

S

17)

a(s 2.032

'U'{(a,) —_— 2.03 (18)

U(s) $¢ 4+ (0.534s

Here we got three different transfer functions, from this we can find the controller values using PID equations.

st +0.5345" + 0.5245%k, + 05255k, + 0.525k; > 0 (19)

st 1 0.524 k, | 0.525k;
s 0.534 0.525k, 0

52 2798k, — 0.525k, 280k; 0

s' | -0.27kakp —0.516k3 — .28k | 0

s0 0 0 0 |

Table 2: RH analysis for first system
s* 4+ 0.5345% + 0.395%kq + 0.395sk, + 0.395k; > 0 (20)

[s*] 1 1 0.395k, | 0.395K; |
s | 0.534 10395k, | 0 |
s? 0.7397k,, +0.395kg 10395k | 0 |
s | 054712 +0.292kk; — 0395k | 0 0 |

<" 0156k +0.2316k2k +0.115kikpky | 0 0 |

Table 3: RH analysis for second system
1 +0.5345% + 2.0325%ky + 2.032sk, + 2.032k; >0 (21)

3

s* 1 2032k, | 2.302k;
S 0.534 203%, 0
s -3.8032k, +2.0318ky 2032 0
s | 14472 —7.732k kg +2.0318k; 0 0
s" | 4.1286k7 +29.403k3k — 1571 lkpkgk; 0 0

Table 4: RH analysis for third system

By using the values in table 5.1,5.2 and5.3 we can find the ranges of kj kg and k; .So here we take the
value of kq = 5 then we get values of k,= 0.5kq k;=0.5 forthe first system. For the second system we get ky = 5,
ko= 0.6kq, ki=80.45 and for third system , we get the input as stable.So we do not want to design the controller.
Here we mainly simulate all the system using Bode plot in MATLAB.

4. Design of Adaptive controller

In adaptive control, the controller will adapt to a system by varying the range of control parameters and
thereby obtain the system in a stable mode. From the basic state space model we design the transfer function for
adaptive controller5.The design is as follows,
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a 0

(‘,‘,.(‘,/,Hn + H‘;.H,/, /l.,..,» () () &
Il = —g |0 +=5 |ptps0 —CoSp|—— | 0 Ay 0 1
3 | M Coto o 0 Az |2
(22)
S%a(s) = ASX (8) + Bu(s) (23)
[.5'3 ,4.‘5'] = Bu(s) (24)
S [SI — A] X(s) = Bu(s) (25)
x(s) B 1
== [SI -/ 2
5 =5 [S1 — A (26)
s + Ge= 0 0
SI-A=| o0 s+ 0 (27)
0 0 s+ A=
[ST - A] =
. -"_\'« A
(s + ) (s + 45%) 0 0
0 (8 + 4= ) (s + 4) 0
' ) A, A
0 0 (s )]
(s 4 Azx) (s 4+ S2e) (s + Azz)
{(28)
Taking inverse,
- B T CoCySe T S84
[ST—A]"" < = [ST- 4] IW oot ~ Gt (29)
&Co

The transfer function is,

Xi(s) (s +3s+A)  cpcosn+ 8,5 36
1(s) (s + —:TH-« 4 —:f ) (s 4 -%7 ) SM :
1'(s) S*M + A,S

The generalised expression for PID is,
(r', () l\-,, - -I—:.—: - ’\—.;S (32!
o O Py skl 2L 3 (33)
S
1+GA5)G(s5) =0 (34)

From this we can find the PID values as:
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Kp = - (35)
S
K = copSo + SpSe (36)
s ColhSo + SpSdh
PP 1, . B, L 3
K G2 (37)

From the above equations we need to find the stable ranges of variable parameters, Ranges of ¢, 0, ¢ are,

0<p<90 ,0<¢p<90and 0<6<180.
Similarly for the second transfer function the ranges are as follows,

Xo(8)  8p84C0 + Cpsg

= — - 38
:[.(5) LS'ZJ\] + 4"1];15’ ( )
R o595 TR (39)
S
[\", = -‘55.;5(;‘)(-7() + (-',:vst;f) (40)
E SpSeCo T CpSe
e SEREETEY (41)

52

Range of ¢, 6, ¢ are
0<9<90,0<$p<90and 0<6<180.
Similarly for the third transfer function,

.\'H\'l —QCal'y

— (42)
I'(4) S2M + ALS
o k. o (43)
S
/\', = —{CyCo (44)
(7 (RN =
Ky (45)
52

5. Design of MRAC

MRAC is the model reference adaptive controller is another type of adaptive controller that works on
the principle of adjusting the control parameters!). The main parameters included in MRAC are Reference
model,controller,adjustment mechanism.The adjustment mechanism is developed by using MIT rule,Lyapunov
theory and theory of augmented error. The design is done by using the actual and reference system.By compare
the output of the two system we check the stability. The actual system is,

zi(s) 0.525

yi(s) s34+ 0.534s

From the design of PID we get the K, K; and K values as, ke = 0.5kg, Ky =5, K;=0.5.

Reference system is,
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z1(s 0.94
cll (47)
1T'(s) 0.468s% + 0.25s
0.941 0.941 . . .
Then kp = — Ky = K;=0.941. Similarly for the second system actual transfer function is,
To(s —0.395
r2(s) ) 48)

ya(s) s34 0.534s

ke = 0.6ky, Kq =5, K; = 80.45 . For the reference system the transfer function is,
xa(s) 0.966
T(s)  0.468s2 + 0.25s

(49)

Thenkp= 22 Kg="7" , K; = 0.966.

For the third system the transfer function is,

I11. Simulation And Results

The typical simulation result of PID,Adaptive controller and MRAC are shown below.The simulations
are done in MATLAB . Fig 4 shows the bode plot of the first system of a PID controller with 2 cases. In the first
case we get an unstable system with PID values as: K, = 0.5Ky, Kq = .1, K; = 0.2. For second case we get a
stable system with the range of values of PID as K, = 0.5Kg, K4 =5, K; = 0.5.

The fig 5 shows the simulation for the second system with two different PID values,one represent the
unstable system and other is the stable system.The range of PID as follows, K, = 0.1Ky, Ky = .1, K; = 8.94 for
unstable system and K, = 0.6Ky, K4 =5, K; = 80.45 for stable system.

Fig 6 shows the simulation result of the third system and which is already a stable system because the
poles in the transfer function is lies on the left half of s plane.

Bote Diagran Bode Diagram y
G e ot 8 (a0 1), P e 417 dog it 0476 i : Gm =inf OB (ot Infradis), Pmo= 150 deg (01 0.731 rad/s)

Magrtude (8)

Phase (deg)

l Froguency (rad's

g, 5. Bode plot of system 2, casce(a):unstable system casce(b): stable system

Emerging Research Trends in Electrical Engineering-201/8 (ERTEE’1S) 67 |Page
Adi Shankara Institute of Engineering and Technology, Kalady, Kerala



Design Of Different Controllers In Quadcopter

Bocde Didgram
Gm = dnf dB (at 0 radis), Pm = 547 deg (at 0,754 rad's)

Bode Diagram
Gm = Inf B (ot Inf radris) , P » 0142 deg (M 229 rasds)
a !
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ig. 4. Bode plot of system 1, casce(a):unstable system casce(b): stable system

Bode Diagram
Gm = Inf dB {at inf rad/s) , Pm = 21.2 deg (at 1.38 rad/s)

Magnitude (dB)

Phase (deg)

Frequency (rad's)

Fig. 6. Bodc plot of system 3, stable system

The simulations of an adaptive controller also gives the stability range of each system.Here we shows
the stable and unstable range of variable parameters of each system. For the first system we have 2 different
cases. For the first case we have an unstable system with,Fig 7 depicts the unstable system.
¢ =120, =110, 0=200, m = 0.468, A, = 0.25.The transfer function is,

z1(s) 1.1

— = — 50
1(s) 0.468s2 + 0.25s G
Thenke= = ,Kg= ,Ki=11
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Bode Disgram
Gm = 0.152 d8 (at 0.65) rad's) , Pm = 0.338 dog (at 0.685 rads)

Magnitude (aB)

Prase (deg)

Froguency (rad/s)

Fig, 7. Bode plot of system |, unstable system

For the adaptive controller in the design part we find the ranges, of PID controller.By putting values for the
constants among this ranges we get a stable output as a result from simulation in system 1.Fig 8 gives the stable

region in system 1.
¢ =50,¢$=060,0=120, m= 0.468, A, = 0.25 The transfer function is,

ri(s) 1.911

I'(s)  0.168s° + (.25

(51)

Then ke = @ K =22 K =0.941

52

Uode Dhagram
Gm = Inf ., Pm = 121 dog (st 1.5) radis)

Magefude (05

Frequency {(md/a)
Fig. 8. Bode plot of system | stable system

Boate Oeagram
ot = 204 (08 (M QBT radia) . P = 308 dey (41 0 263 radin)

Magntuce (1)

Praw jdog)

Froaunncy (raad's)

Fig. 9. Bode plot of sysem

For stable range in system 2,Fig 10 shows the stable system for the second transfer function.
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¢ =060, $=30,0=120, m=0.468, A,= 0.25 .The transfer function is,

rils) v ().966 (53)
1'(s) (). 1685< + ().254

Then kp= 22 | Ky="7" , K;=0.966.

For the third system we can find it as stable. That is the poles on the transfer function is,
ry(s) 2.90 5
-y - (54)
Ilsl “A"ls { ”A'_).'—’A

Bode Diagram
Gm =iInf, Pm = 123 deg (at 1.56 rad/s)

Magnituds (48]

Phase (deg

Fraquency (rad/s)

g 10 Bade plot of system 2stable systom

In the case of MRAC, we check the stability for the three systems. for the first system we have the
actual and reference systems. Using Simulink model we find the stability of the system.

Here fig. 11 represents the system with stable and unstable outputs for system 1.Here we combine both
the PID as well as adaptive for each system.

Bode Diagram
Gm = Inf dB (at 0 rad/s), Pm =123 deg (at 0.956 rad/s)
50 T .
Bode Diagram
Gm =-0.108 dB (at 0.684 rad/s), Pm = 0.113 deg (at 0.877 rad/s) o
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o 270 | 1 \J
J 180~
-360 . . J
1072 10” 10° 10! 102 10° 10* 10 10 10’ 10° fo' 10°
Frequency (rad/s) Frequency (rad/s)
Fig 11:Bode plot of system 1- a:unstable system b:Stable System

Fig 12 shows the plot of second system with unstable region having the transfer functions of the PID as
well as the adaptive controller. Same for the stable region.

Emerging Research Trends in Electrical Engineering-201/8 (ERTEE’1S) 70 |Page
Adi Shankara Institute of Engineering and Technology, Kalady, Kerala



Design Of Different Controllers In Quadcopter

Bode Diagram
Gm =-3.21 dB (at 0.994 rad/s) , Pm = -150 deg (at 0.398 rad/s)

50 T .
Bode Diagram
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Fig 12:Bode plot of system 2- a:unstable

Frequency (rad/s)

b:stable

In the third system the transfer function is a stable function. So we get a stable output.

Bode Diagram
Gm =Inf, Pm =99.3 deg (at 3.34 rad/s)

507
oy - B —
2 w0 _ - !
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= 100 — 1
-150" |
457 1
B ’/—
5 o i 1
g N
9 -45r \ ““ 1
© | ~
T _90f \J‘ T
-1351 : : |
102 107 10° 10 102 103
Frequency (rad/s)
Fig 13 : Bode plot of system 3.
IV. Conclusion
Pidcontrolleradaptive Controller
PARANMETERS SYSTEMI SYSTEM2 PARAMETERS SYSTEMI SYSTEM2
Gzin margim Inf Inf Czin margin Inf Inf
Phaze margim 0.14 30 Phase margm 121 3
Gzin crossover fraquency 228 0.7 Gazin crossever frequency 153 56
Phase crossover fraquency Inf Inf Phase crossover frequency 0 0
PARAMETERS SYSTEM1 SYSTEM?2
Gain margin Inf Inf
Phase margin 123 78.8
Gain crossover frequency 0.956 1.34
Phase crossover frequency 0 0

By comparing the values of phase margin and gain margin we can analyze the stability of the system
.In the bode plot for a system to be stable, the gain margin and phase margin should be positive values and
which should be a greater value. By comparing the simulation results of the PID and the Adaptive we can find
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that the phase and gain margin values of adaptive PID is greater than the corresponding PID values. Hence we
can conclude that by comparing PID and adaptive, the adaptive controller is the most efficient controller for the
stable operation of a quad copter.
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