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CONTROL OF TWO-WHEELED INVERTED PENDULUM ROBOT
USING ROBUST PI AND LQR CONTROLLERS

Tran Gia Khanh', Nguyen Hoai Naml’*, Tran Doan Xuan®, Pham Tan Longz,
Trinh Duc Trung’, Nguyen Doan Phuoc'

Abstract: In this paper, a robust Pl controller in combination with a linear
quadratic regulator (LOR) is proposed to control a two-wheeled inverted pendulum
robot (TWIPR) such that it is kept balanced while moving. The proposed TWIPR
control system consists of two control loops. The inner loop has two PI controllers
for two DC motors’ currents, which are separately designed based on a robust Pl
controller structure. The outer loop contains a LOR controller for the tilt angle,
heading angle and position of the TWIPR. The proposed PI controller is compared
to the existing method such as the magnitude optimum (MO) and genetic algorithm
(GA) methods. The proposed control scheme is verified through simulations and
practical tests, and it is also compared to the MO-LOR and GA-LQOR strategies.

Keywords: PID tuning; DC motor control; Settling time; Overshoot; Two-wheeled inverted pendulum.
1. INTRODUCTION

TWIPRs were widely studied and applied in practice and literature [1-3]. The
input to the TWIPR is usually torques produced by two DC motors. This torques is
directly proportional to currents caused by the DC motors. Thus, the current
controllers are crucial to the TWIPR. However, most of the works [4-19] about
TWIPR have not addressed the problem of current or torque control. In addition,
the voltages, applied to the DC motors, are considered as the input to the TWIPR
instead of torques.

In [4], an adaptive back-stepping controller combined with two PD controllers
was proposed for an electric scooter. The inputs to the vehicle were torques
produced by two DC motors, but there was neither torque nor current controller
designed. Sliding mode controllers with model-based friction compensation were
proposed in [5] for a TWIPR. However, the torque/current control problem was
also not dealt with. In [6], a nonlinear state transformation-based controller was
proposed. A combination of two PD controllers and a time-delayed controller [7]
for fast movement of TWMR was proposed, in which the first PD controller was
designed for the pitch angle, the other PD controller was applied for the
orientation, and the time delayed controller was synthesized for the position. In [8],
the proposed control scheme consisted of local controller and a global planner for
the TWIPR based personal transportation vehicle, in which the local controller
contains three PID controllers for the pitch angle, the yaw angle and the position.
Three fuzzy logic inference system-based controllers in [9] were designed for the
TWIPR. In [10], an indirect adaptive fuzzy controller based on trajectory planner
for the TWIPR was given. Adaptive sliding mode control [11] in combination with
direct fuzzy control was applied for balancing and trajectory tracking of the
TWIPR. A state dependent nonlinear model based LQR [12] was investigated. A
back-stepping controller [13] was designed for trajectory tracking and sliding
mode controllers were applied for the TWIPR’s velocities and pitch angle. Four
interval type 2 fuzzy logic inference system-based controllers [14] were designed

Journal of Military Science and Technology, Special Issue, No.66A, 5 - 2020 1



Electronics & Automation

using the Takagi-Sugeno model for the TWIPR such that the vehicle can reach the
desired point and orientation while its balancing is kept. A passivity-based
controller [15] with two-rule Takagi-Sugeno fuzzy model was proposed for the
TWIPR. A novel TWIPR with four-bar parallel mechanism [16] developed, in
which the horizontal posture was guaranteed. A model predictive controller [17]
for the trajectory tracking of TWIPR was proposed. A trajectory planning and
tracking control for obstacle avoidance of the TWIPR was given in [18]. A control
of cooperative double-wheel inverted pendulum robots based on Udwadia-control
approach was recently proposed in [19] for the first time. This motivates us to
propose a new control strategy, which is simpler and effective in terms of installing
the controller on microcontroller. In this work, a robust PI controller design
method is proposed for the current of DC motor, then it is combined with a LQR
controller to control the TWIPR, and finally it is compared with the other methods.

The next section presents the mathematical model and the proposed control
system for the TWIPR. In section 3, robust PI controllers are designed for two DC
motors’ currents and they are compared to the MO and GA methods through
simulations and experiments. In section 4, a LQR controller is designed to keep the
TWIPR balanced and reach a desired position. Some simulations and practical tests
for the TWIPR are given in section 5. The final section provides a summary and
future works.

2. TWO-WHEELED INVERTED PENDULUM ROBOT

2.1. Mathematical Model

In this work, the mathematical model of TWIPR in [21] is used for simulation
and controller design. The schematic diagram of a TWIPR is shown in fig. 1. The
notations and parameters of the TWIPR are shown in Tab. 1, in which | = mr?/2,
K=mr?/4,1; =13 =Md?/2, I, = MI?/2. The inputs of the model [21] are
torques produced by motors, but in this work, the two motors’ currents are used
instead of torques as the inputs to the TWIPR. Thus, the motion equations of the
TWIPR are represented as in Eq. (1), (2) and (3).

my & — MU(p? + 6%)sin (6) + my,0 + %G _ g) _ KTm(iL +ip) 0
May & = Mapl + myzp?sin (20) + g, —2C (F=0) = —Kn(i+i2) ()
masP + [MLx — ms, ]9 sin (0) + Cpd? _ (ir—ip)Kmd )

(2r2) ~ (@2r

wheremy; = M + 2m + i—i, my, = My, = Mlcos (), m,, = (MI? + 1,),

Mmys = (I3 — I, — M12)/2, g, = —Mlgsin (0), ms, = 2(I3 — I; — M1?) and

Mg = Iy + 2K + 75+ 28 (1 — 1, — MI2)(0).

Let define state variables and inputs as
£=[X1x2x3x4xsx6]T=[xg¢5591/.)]T 4)

and

u=[uu, |" =[i,ig 1", &)
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Figure 1. Schematic diagram of a TWIPR.

respectively. Then,

x=f(xu), (6)
in which X; = x,, X; = X5,X3 = X, X4 = f4(£; E)a X5 = fs(ﬁ; E) and
Xg = fo(x,w), where fy(x,u) = 2222, £ (x,u) = 222, and fi(x,u) = 2° with
6

X4

20(xs-%2
0, =r*(MI%?+1,) le(u1+u2) + (xi ) + Mlsin (x,)(xZ + x2) l,

T
0, = Mlr? cos(x,) [m23sin (2xy)x2 + K, (uy +uy) + 2C (x5 - %) + g, ],

] X4
N3 = myr? [Km(u1 + uy)—my3sin (2x,) x2 + 2C (x5 — ?) — gz],
2

2 Km(uq+uy) Zc(xs—xf) . 2
0, = —Mlr=cos (x;) +——""+ Mlsin () (xé +x¢) |,
Km(u1—u2) , cd?x
N = —-2r? (# + xgsin (x,)[Mlx, — 4my3xscos (x,)] + (27‘2)6 ),

.(26 = (213 + 4’K + mdz - 4m23(x2) )T‘Z +]d2, and
N =MIr)?1 - (xy)) +2L,] +2JMI? + (I, M + 2I,m + 2Mml?)r?.
Table 1. TWIP's notations and parameters.

Notation Definition Notation Definition
X Position of the TWIPR K MOI of the wheel w.r.t the
vertical axis

0 Pitch angle of the pendulum body K, The motor torque constant

d Distance from the left to right wheels i, g The left, right armature current

T Left motor’s torque Tp Right motor’s torque

L Length from the center of the C Coefficient of viscous friction
pendulum to the wheel axis on wheel axis

J Mass moment of inertia (MOI) of L MOI of the pendulum w.r.t the
the wheel with respect to (w.r.t) the frame at the center of the
wheel axis pendulum

M Mass of the pendulum M Mass of left (right) wheel

Y Yaw angle of the TWIPR R Radius of wheels
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The motion equations (1), (2), and (3) are used to design the LQR controller in
Section 4. In the next section, PID controllers are designed to stabilize two motors’
currents, which create desired inputs to the TWIPR.

2.2. TWIPR Control System

____________________________________

I

I

i

1

u,! = Teft i )
LOR 1:Aﬂ- L n e £ = £

I
] . .
H Motor = iR
I
1

Figure 2. Block diagram of the TWIPR control system.

The block diagram of the proposed control strategy is shown in fig. 2. It
contains three control loops, in which the first two inner loops consist of two PI
controllers and the third loop has a LQR controller. A TWIPR in the laboratory are
shown in fig. 3 and fig. 4.The TWIPR control system mainly consists of two DC
motors, two current sensors INA219, two incremental encoders, two wheels,
pendulum body, the MPU 6050 sensor, three batteries and the STM32F411VE

Figure 3. Front view of a TWIPR Figure 4. Side view of a TWIPR
under control. under control.

2.2.1. DC Motor

Each DC motor has a gear chain with a gear ratio of n = 1/34. This means that
the wheel, attached to the output shaft of the gear train, rotates n times for each
revolution of the motor shaft. These two motors are powered by three 3.7V and
4000mAh batteries (Ultrafire).

2.2.2. Incremental Encoder

An encoder is also attached to each DC motor’s rotor shaft. The encoder has
two channels and each channel has N = /3 pulses per revolution of the motor. This
incremental encoder is used with the highest resolution, so there are 4N/n = 1768
pulses per revolution of the wheel. It is applied to measure both the angle and
velocity of the wheel, then from these measurements, the position, heading angle,

4 T. G. Khanh, ..., N. D. Phuoc, “Control of two-wheeled ... robust PI and LOR controllers.”



Research

velocity and vertical speed of the TWMR are estimated.
2.2.3. Kalman Filter
In this subsection, the Kalman filter [22] is applied to estimate the tilt angle of
the pendulum. Let ), be the gyroscope signal from the MPU6050 at k in time
and {P'%S be the deviation of(j, and AT be the sampling time. Then, the tilt angle
of the pendulum can be approximately calculated as
O = O—1 + (G — GF'*)AT. (7)
Define state variables as z;, = [Hk gpias ]T. Then, the state space model is
Zy = AHZk—l + Bguk + W (8)
0yr = Cozx + vy,
where Ag = [1 —AT; 01],Byg =[AT 0], Co =[10], uy, = ), wy is the input
white noise, and v, is the measurement white noise. Denote covariance matrices
for wy, and v, as Qy and Ry, respectively.

Without Kalman
With Kalman

-10

-15

Degrees

-20

-25

=30+

35 . . . .
0 2 4 6 8 10 12 14
Seconds

Figure 5. Measured pitch angle with and without Kalman filter.
Let Z; be the prior estimate, e, = z, — Z, be the estimation error, and the

. . . T
corresponding error covariance matrix Py = E [ek (eE) ] Then, the measurement
Hyk will be used to improve the prior estimate as follows
A oA 0 e
Zy =2z t Kk( Vi — CoZg ), )
where K} is a Kalman gain (or blending factor) and 2, is the updated estimate. The
Kalman gain is computed as

Ki = P CF (CoPirCF +Re) ™ (10)
The covariance matrix with respective to the optimal estimate can be calculated as
P, = (I — Ky Cy)Py . (11)
At time k+1,
Ziy1 = AgZy + Bouy (12)

Py = AgPAg + Qi
Thus, the Kalman filter is implemented as the following steps:
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Start with a prior estimate z, and its error covariance matrix Py

* Step 1: Calculate the Kalman gain using Eq. (10).

* Step 2: Update estimate with measurement using Eq. (9)

* Step 3: Determine error covariance for updated estimate using Eq. (11).
* Step 4: Project ahead using Eq. (12), then goes back the first step.

This algorithm will be used to estimate the tilt angle of the pendulum based on
the MPUG6050 sensor. In fig. 5, an example of the measured tilt angle is shown,
where the black curve is the angle with Kalman filter and the blue curve is the
angle without the filter.

3. CURRENT CONTROLLER DESIGN
3.1. Current Model Identification

In this section, the transfer function for the current of DC motors will be built
using unit-step response. The electrical equation [23] for a DC motor is described as
u=e+Ri+L (13)

where u is the motor armature voltage, R is armature coil resistance, L is armature
coil inductance, i is the armature current, e = K. is the back electromotive-force
voltage, @ is the motor angular speed, 7 = K,i is the motor torque, K, is an
electrical constant, and K,, is the motor torque constant.

Thus, the transfer function for the current of the motor is

_I(s) _ 1
Gi(s) T U(s)  R+LS or (14)
k
Gi(s) = 7 (15)

where k = I/R and T = L/R.

To determine these parameters, a unit-step response approach is applied. A
voltage of 6V is supplied to the motor, and then the motor’s current is measured as
shown in fig. 6. Based on this measured current, the current transfer function is
obtained as follows

0.13919
1.23*107%s+1"

Gi(s) = (16)

From the identified model (16), the current controllers are designed with
methods in the next section.

3.2. Robust PI Controller Design
Consider a plant as in Eq. (15). A PI controller is chosen as R(s) = k,(1 + s%)

Then, the closed-loop system is
kkp(sT;i+1)

G(S) - sTi(Ts+1)+kkp(sTi+1)' (a7
Leta = % Then, the characteristic equation is
aT?s? + saT(1 + kk,) + kk, = 0. (18)
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Figure 6. Currents of motor and model current.
Since all coefficients are positive, the closed-loop system is stable. Thus, the PI
controller is robust in terms of structure. One has
A = [aT (1 + kky)]* — 4aT2kky, = (aT)? (1 + k)" — 2], (19)
so A > (aT)?4kk, [1 - %] Thus, if a > 1 then A > 0, hence the two poles are negative.

This means that there is no oscillation and zero overshoot. In addition, if a = 1, this is the
case in [20], then T; = T. The closed-loop system is

G(s)=— =1 (20)

1+Rs _ Ti
kkps+1

oH-
L]
" — 5t Poimt
o | N Proposed Method
. 1 =EA —
Zos . —— Magritod: Optimam g
ol
E:.;. f H 3 : = Magsstude Optirmm
i = i
2 ::y
L] s Ly
] [ 1] B3 B3t [ 1:-] 1.1 By B Pl g oo L= e 1=
Tirne(s) Time (5}
Figure 7. Simulation results. Figure 8. Practical results.

kkp
. . -t . .
Consequently, the unit-step response is h(t) =1—e Ti . Let Ty, is the desired

settling time of the closed-loop system, then
-T; lnl
=_L 100
kp - kT a0, (21)
With these selections of PI parameters, there is no overshoot and the desired
settling time is achieved as expected. For the plant (16), the desired settling time is
chosen as Ty, = 1ms. Thus, the parameters of the PI controller are computed as

kp = 3.4563 and T, = 1.23x107%*. As the magnitude optimum method [24] is
applied for the current object, the parameter of the I controller R,,,(s) = Tis is

4

calculated as T; = 2kT = 3.4232 * 107>, The GA method [25] is also utilized to
determine the current controller for the plant (16) using an objective function
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] = fotﬁ"‘” tle(t)ldt — min. The GA based PI controller is obtained as Ry, (s) =

0.064 + %

————— Proposed Method
Magnitude Optimum

Voltage (V)
w

o 0.005 0.01 0.015 0.02 0.025 0.03

Time (s)
Figure 9. Practical control signal.

These controllers are utilized to control the motor’s current. Both simulation and
practical tests are carried out to compare the proposed method with the other
methods as shown in fig. 7, 8 and 9. For simulation, Eq. (16) is used as the DC
motor’s current model and the PID controllers were designed above. In fig. 7, the
controlled current is plotted via simulation. The proposed PI provides shorter
settling time than the GA and MO methods. It also produces a zero overshoot as

the GA method.
Table 2. Comparison of methods through simulation and real test.

Method Tyq, (MS) Overshoot (%)
Simulation Test Simulation Test
OSA 1 1.1 0 1.36
MO 1.04 3 4.32 29.92
GA 2.42 2.5 0 1

For experimental test, the DC motor given in section 2.2.1 (see fig. 3) was
applied and its gear shaft is kept fixed, and the sampling time is 0.25 (ms). The
practical result is shown in fig. 8, where the robust PI produces the best
performance in comparison with the GA and MO methods. This will improve the
control performance of the TWIPR. Fig. 9 shows the actual control signal (the
applied voltage to the DC motor) produced by the dillerent controllers. The
overshoot and settling time given by the controllers through both simulation and
real test are compared in Tab. 2. Overall, the proposed PI controller is better than
PID controllers using MO and GA methods in terms of both overshoot and settling
time. In the next section, an LQR controller combined with the proposed PI
controller is designed to keep the TWIPR balanced and follow desired trajectories.

4. LQR CONTROLLER DESIGN
4.1. Linearized Model of the TWIPR
Let x, be an equilibrium point of the system (6), then x, is the solution to the
equation f(x,0) = 0. Thus, x, = [* 0 * 000 ]” where “** are any values of x;
andx;, which are desired position and heading angle of the TWIPR. Without loss
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of generality, it is assumed that ‘*’ is zero, this means x, = 0. Thus, the linearized
model of the system (6) around the equilibrium point x, can be obtained as follows

i = Ax + Bu, (22)
where
0 001 0 o0
0 00 0 1 0
0 0 0 0 0 1
A= 0 Ayp 0 Auq Qgs 0 (23)
0 aso 0 Asy ass 0
0 0 0 0O Age
and
B =[00;00;00; byy bsy; bsy bsy; by be2], (24)
. —(Mgl)?g —2C((M12+1y)+Mlr) 2Cr(MI%+15)+2CM1?
with a,, = o Qaa = " . , Qg5 = AZ , Asp =
Mgl(2]+Mr2+2mr?) _2CMI+2C(2]+Mri+2mr?)/r _2¢(2]+Mri+2mrd)+2CMir
A » Asq = A » Ag5 = A ’
_ -Cd? _ _ Kpr[(M12+41)+Mir] _ _
Q66 = 3 ar+ (2l +4K+maD)r2’ by = by = A » bs1 = bs, =
—Km (2] +Mr2+2mr2+Mir) _ _ —Kpdr _
A »be1 = —bez = Jd2+(213+4K +d?m)r?’ and A = 21,] +

2JMI1? + [,Mr? + 2I,mr? 4+ 2M1?>mr?2.
4.2. LQR Controller
From the linearized model (22), a LQR controller [26] is designed such that the
following cost function is minimized.
F = ["(x"Q.x +u"Rcu)dt - min, (25)

in which Q. is a symmetric positive definite matrix, and R, is a symmetric
nonnegative definite matrix. The controller, which satisfies the cost function (25),
isu = —Kjogrx, where

Kior = RZ'BTP,, (26)
and P, is the solution to the Riccati equation
P.BR;'BTP. —P.A—-ATP. = Q.. (27)

In this paper, the values of the TWIPR’s parameters are determined from a real
TWIPR as follows M = 0.5kg, m = 0.04kg, | = 0.08m,d = 0.16m, r = 0.033m, g =
9.81m/s°, C = 0.005, K,, = 0.41202Nm/A. Thus, the matrix B is

B =[00;00;00;55.555.5; —548.6 —548.6; —138.9138.9], (28)

and the matrix 4 has the form as in Eq. (29) with ay, = —11.4, a,, = —40.8,
ass = 1.35, a5, = 176.8, asy = 403.4, ass = —13.31, age = —8.1.

0 0 0 1
4=1o A 0 agy Ass O
0 as; 0 asy ass O

0 0 0 0 0 ag

(29)
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The matrices of the cost function are chosen as
Q. = diag([4,3,2,3.5,0.001,0.9 ]) (30)
and
R.=[10;01]. 31
From Eq. (26) and Eq. (27), the gain matrix of the LQR controller is obtained as
Kion = -141 -3.09 -3.16 -2.14 -033 -0.65 . (32)
-141 -3.09 316 -214 -033 0.65

The output of the LQR controller will be setpoint for the current controllers.

Remark 3. Since the input to the LQR controller consists of state variable pairs

(x;%), (0;0) and (y;1), the LQR output is similar to the sum of the three PD
controllers’ output as in works [4, 7, 8], in which each state variable pair is the
input to one PD controller.

Remark 4. The LQR controller in [12] is also compared to the state dependent
LQR controller when the high yaw rate is considered.

u] 2 4 -] B 11} 1z 14 13 15 a0 ] 3 4 f B 10 L2 14 16 18 20
Time{s) Timel(s)

Figure 10. The tilt angle of the TWIPR Figure 11. The heading angle of the
through simulation. TWIPR through simulation.

5. SIMULATION AND PRACTICAL TEST

|
01}
ol
1 — 1- 1 L —~4—1 -
AN D D T S [ F J

Figure 12. The position of the TWIPR  Figure 13. The tilt angle of the TWIPR
through simulation. through practical test.

In this section, the proposed control scheme based on the robust PI design
method and LQR controller is verified for the TWIPR through simulation and
experiments. Then, it is compared to the other methods. The TWIPR is controlled
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to move from the initial point to the end point along a line, where the distance
between these two points is / meter.

5.1. The proposed control strategy

The simulation results are shown in fig. 10, 11 and 12 whereas the experimental
results are shown in fig. 13, 14 and 15. The left motor’s measured current and right
motor’s measured current are shown in fig. 16 and 17. For simulation, the origin
model as Eq. (6) and its parameters given in section 4.2 are applied for the TWIPR,
in which the current control loops are modeled as saturation blocks since their
settling time is very short 1 (ms).

oot

Tieme( T

Figure 14. The real heading angle of Figure I5. The real position of
the TWIPR. the TWIPR.

For experimental test, the sampling time for PID and LQR controllers is chosen
as 0.25 (ms) and 2.5 (ms), respectively. From fig. 10 to fig. 15, it can be implies
that the real-time results are similar to the simulation results. This implies that a
good model of the TWIPR was built and the controllers work well. The proposed
control strategy produces good performance such as the pitch angle lies within the
interval [—3 3] (degrees), the TWIPR reaches the destination at 1 (m) after 3.5
(seconds) following a straight line because the yaw angle is approximately within
the range [—0.3 0.3] (degrees).

5.2. Comparisons

The proposed control scheme based on the robust PI-LQR method is compared
to the MO-LQR and GA-LQR methods through practical tests. The desired
trajectory is a straight line with a length of 1 meter. Fig. 18 shows the positions of
the TWIPR with different methods, where the blue curve, the black curve and the
red curve are positions of the TWIPR provided by the proposed method, the MO-
LQR method and the GA-LQR method, respectively.

The comparison of the pitch and yaw angles of the TWIPR with different
methods are shown in fig. 19 and fig. 20, respectively. Since the yaw angles are
very small for all methods, the TWIPR moves nearly along the straight line with
distance of 1 meter. The robust PI-LQR based TWIPR moves more smoothly from
the start point 0 to the end point with smaller pitch angle and less oscillation than
the other methods. Hence, the proposed controller provides better performance
than the others.
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Figure 16. Left motor’s real current. Figure 17. Right motor’s real current.
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Figure 18. The position of the TWIPR with different methods.

05A -LOR. ----054A-LQR|
——MO -LQR | ——MD -LQR
---GA-LQR GA-LQR. |1

P (rl)

4 A
Time (s) Tume (s}

Figure 19. The pitch angle of the Figure 20. The yaw angle of the TWIPR
TWIPR with different methods. with different methods.

Remark 5: The proposed control scheme is also tested with different loads and

inclined surfaces. The practical results prove that the TWIPR is kept balanced and
movable. However, they are skipped to show here.

6. CONCLUSIONS
In this work, the TWIPR control system based on the robust PI controller design

method is proposed. First, the proposed method is compared to the MO and GA
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methods through the DC motor’s current. It produces better performance than the
others. Then, the proposed control system is verified and compared to the other
methods through simulations and practical tests. The obtained results show that the
TWIPR with the proposed method is kept balanced and able to reach the desired
position and direction, and it produces better performance than the others. Future
works will focus on the combination of the proposed method with other advanced
control methods for the TWIPR.

Acknowledgement: This research is funded by the Hanoi University of Science and
Technology (HUST) under project number T2018-PC-052.
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TOM TAT

~ DIEU KHIEN XE HAI BANH CAN BANG
SU DUNG BOQ DIEU KHIEN PI BEN VUNG VA LQR

Trong bai bao nay, mgt bo diéu khién PI bén viimg két hop voi b diéu
khién LOR duoc dé xudt dé diéu khzen xe hai banh sao cho xe thang bang khi
di chuyén. Hé thong diéu khién gom hai vong. Vong trong c6 hai bg diéu khién
dong PI dé diéu khién dong déng co mot chiéu, dwoc thiét ké riéng sir dung
cau triic PI bén vitng. Vong ngodi c¢6 b diéu khién LOR cho goc nghiéng, goc
hwong va vi tri xe. Phwong phdp thiét ké b diéu khién PI dé xudt dwoe so
sanh voi phirong phap 16i wu dg 1om va gidi thudt di truyén. Cau tric diéu
khién dé xudt dwoc kiém chitng thong qua mé phong va thiee nghiém, va né
dwoc so sanh voi cac phuong phap MO-LOR va GC-LQR.

Tir khéa: Chinh dinh PID; Xe hai banh; Diéu khién dong co; Thoi gian xac lap.
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