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Abstract: This paper proposes a position control method for low cost EGR valve system in
automotive application. Generally, position control system using in automotive application has
many restrictions such as cost and space, the mechanical structure of actuator implies high friction
and large difference between static friction and coulomb friction. This large friction difference
occurs the vibrated position control result when the controller uses conventional linear controller
such as P, PL. In this paper, low cost position control method which can apply under the condition
of high difference friction mechanical system. Proposed method is verified by comparing
conventional control result of experiments.

Keywords: Position control, Static friction, EGR valve system, Automotive application.

1. Introduction

Recently, many mechanical components using in vehicle has been replaced by electrical
components for high efficiency. Not even hybrid electric vehicle or electric vehicle, MDPS(Motor
Driven Power Steering) and ISG(Integrated Starter and Generator) are generally adopt in gasoline or
diesel vehicle, these electric automotive components make increasing the drive efficiency and fossil
fuel reduction. This change spreads into the transmission system and engine valve system. Among
them, exhaust gas recirculation(EGR) valve is the target mechanical component to replace of small
DC motor.[1]-[5] However, general mechanical systems using in the valve, the allowable cost is very
low and the space for implement is very narrow, therefore, the electrical system including actuator
should have cost effective with small size. To achieve this, mechanical actuating system can not avoid
to be roughly designed which implies high friction force. More worse, the difference between
coulomb friction and static friction is very large, correct and fast response of position control is almost
impossible to solve by conventional linear control system such as P, P1, or PID.

To regulate the position control against this friction torque, some research has been
proposed.[6]-[10] In [6], H infinite control and impulse control are combined for fast control response.
Robust control is achieved by disturbance observer is proposed in [7]. Fuzzy controller [8] and neural
network controller [9] are proposed to overcome this problem. In [10], adaptive control method for
friction compensation is proposed. These methods can dramatically reduce the effect of the friction,
however, the parameters have to be set are too much, and the processing burden for realization is
also complex in low cost drive system.

This paper proposes the position control method for low cost system. General position control
method for this low cost system is P-PI control method which is described in [11]. Aforementioned,
the correct and fast control can not be achieved under the mechanical system which has high friction
condition with this linear controller. Generally, in this case, feedforward compensation is adopt for
improving the control performance.[11]-[13] However, this feedforward data is incorrect because of
the aging the mechanical system, environmental change affection such as temperature and humidity.
Moreover, feedforward compensation can improve the dynamics of the controller, however, it can
not be the solution for instable control performance which caused from the difference of static and
coulomb friction torque. In this paper, to achieve the stable position control, firstly analyze the EGR
valve mechanical model, define the cause of occurring vibration, and then, a proposed novel and
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simple algorithm which can possibly adapt in low cost system to solve this problem will be
illustrated. Finally, comparing the performance of conventional method and proposed method to
verify its superiority by experiment.

2. Mechanical model of EGR valve and torque measurement

Figure 1. Mechanical composition of EGR valve.

2.1. Model analysis of EGR valve

Figure 1 shows the mechanical composition of EGR valve. General EGR valve is composed of
spring for recover the valve initial position, joint and gear for transforming the power from rotation
to translation, DC motor and throttle valve which are the source and actuator of mechanical system,
respectively.

First, same as the general structure of EGR valve, the motor to operate this system is DC motor.
Therefore, the generated torque from the motor is modelled as below.

1,= ktl'a 1)
where, k: is torque constant, i is armature current of DC motor.

The mechanical equation of the valve system shown in Figure. 1 can be described as following
general equation.

2
Te:J%+T +7T . +T, ()

fric spring

where, | is inertia, 6 is rotating angle, Ty is friction torque, Toring is spring torque, Tt is load
torque.

On the other hands, this rotating angle is transferred to linear position by mechanical joint and
gear, linear position x can be expressed as below.

x = r{eos(0,) ~ cos(0, +0,,)} @)
0

0, =—+ “)
n

where, n is ratio of the gear, r is joint distance, 6t is joint angle, 61 is initial joint angle.
The spring force according to the linear position is described as below equation.

spring = kspr (X + xO) (5)

where, kyr is constant of spring character, xo is initial linear position.

d0i:10.20944/preprints201807.0609.v1
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81 This spring force can be transferred to the torque on the load side as below equation.
82

rkspr .
83 T e = » (x+x,)sin(@, +6,,) (6)
84
85 And then, transfer this spring torque on the load side to motor side, (6) can be changed as (7).
86
rkspr .

87 T e = , sin(@, +0,,)[r{cos(8,,)—cos(8, +6,,)} +x,] )
88
89 Equation (7) describes spring torque is only affected by the spring position. However, in

90  practical, spring torque is not only affected by the position but also the speed direction. To apply this
91 on (7), we defines spring coulomb friction torque as (8).

92
dx
93 f:vpr c = F;pr col Sgn(_) (8)
- - dt
94
95 As shown in (8), spring coulomb friction is negative when the motor speed is reverse. As a result,
96  spring torque can be modelled as (10).
97
FF; r_col
98 7—;pr_col =—F== (9)
n
spring
99 rk (10)
=—"=-sin(0, +0,,)[r{cos(0,,)—cos(0, +0,,)} +x,1+T,, ., sin(0, +6,,)sgn(w,)
n -
100
101 On the other hands, EGR valve mechanical system is not only affected by the spring but also

102 affected by joint and gear. Due to the low cost gear and joint occurs the friction like lead-screw which
103 emphasizes nonlinear static friction. In this paper, LuGre friction model described on [10] is derived.

104

(o,
105 Tfric = [Tge_col + (Tge_sta - Tge_col )e ( ) ]Sgn(a)r) (11)
106 where, Tg_cor is coulomb friction torque on gear and joint, Tgesw is static friction torque on gear
107  andjoint, ws is Stribeck velocity.
108 In this paper, these modeled load torques is measured experimentally in order to implement

109  feedforward controller as same as [12]. This feedforward compensation can reduce the burden of
110 feedback controller, it can help to enhance the control performance when the nonlinear load has to
111 be controlled by linear controller.

112

113 2.2. Measurement procedures of spring and friction torque

114
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119 Figure 3. Measured friction torque.
120
121 Fig. 2 and Fig.3 show the measured spring torque and friction torque of tested EGR valve,

122 respectively. First of all, electric torque from the motor is proportional to the DC motor current based
123 on (1). Therefore, this paper assume that the current waveform can indirectly describe the generated
124 torque. To measure spring torque, follow the below steps for identifying them.

125

126 1. Perform the speed control started on initial EGR valve position.

127 2. Apply the speed reference from 10[rpm] to 300[rpm].

128 3. Measure averaged current. The speed that the lowest averaged current is observed is Stribeck
129  velocity. Repeated experiment is necessary for gathering data.

130 4. Control the motor on Stribeck velocity. Measured the instantaneous current on steady state is

131  spring torque with the assumption that the friction torque at Stribeck velocity can be ignored.
132
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133 With the obtained spring torque, we can measure the static friction torque with following steps.
134
135 1. Perform the speed control started on each EGR valve position.
136 2. Set up the small gain on current controller on order to apply the ramp increasing current
137  reference.
138 3. Sudden current change occurs due to the position movement, measure the peak current point.
139 4. Subtract the spring torque amount from the measurement of procedure 3. Remain value is
140  static friction torque.
141
142 The coulomb friction torque can be obtained with following steps.
143
144 1. Perform the speed control started on initial EGR valve position.
145 2. Apply the speed reference from 100[rpm] and 300[rpm].
146 3. Measure the instantaneous current on steady state of each speed.
147 4. Subtract instantaneous current at 100[rpm] from the current at 300[rpm].
148 5. Divide 200[rpm] from the result of procedure 4 for removing spring torque component.
149 6. Multiply the speed from the result of procedure 5. This is the coulomb friction torque.
150
151 As shown in the Fig. 2, different spring torque is occurred according to the valve position

152 direction. If the valve position direction is to open the valve, the spring torque is increased due to the
153 coulomb friction in spring torque which depicted on (8). Reversely, if the valve position direction is
154  to close the valve, the spring torque is decreased. On the other hands, Fig. 3 indicates that the friction
155  torque at each position has almost same static friction torque. Also, the static friction in reverse
156  direction has different value from positive direction value. Coulomb friction torque calculation is
157  based on simple principle. First, torque equation at 300[rpm] can be described as bellow.

158
d*0.
159 E(wrZ) =J dtZ +Tfric (wr2)+7—;pring (wrZ) (12)
160 where, wn is angular speed of 300[rpm].
161 If the steady state condition is only effective to identify the coulomb friction torque, inertia term

162  can be neglected. With (12), the torque difference which represents at 4 procedure can be calculated
163 as follow.

164

165 7—Ve(a)rZ)_T'e(a)rl) (13)
= (Tfric (wrz) + T;pring (wrz )) - (Tfric (a)r] ) + T;pring (a)r] ))

166 where, w1 is angular speed of 100[rpm].

167

168 As described on (5), if the position is coincide, spring torque is not affected by the speed. Static

169 friction torque does not interfere during constant speed operation, (13) can be simply described as

170 below.

171

172 T'e(a)rZ)_T;(a)rl) = Tge_col (a)r2)_Tge_coI(a)rl) (14)

173

174 If the coulomb friction is proportional to speed, it can be expressed by coulomb friction gain and

175  speed. Assumption that this gain is almost same as all over the position, in order to simplify the
176  coulomb friction, (14) can be transformed to (15).

177
178 E(wrZ)_Z—;(wrl):B(wrZ _a)r]) (15)
179 where, B is coulomb friction gain.

180 In this paper, assuming that coulomb friction occurs over the Stribeck velocity.
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183 Figure 4. Static friction torque measurement at zero valve position
184 (green : current, purple : speed, blue : position).
185
186 Fig. 4 illustrates the measurement of static friction torque. As shown on the figure, current is

187  increasing to overcome the static friction force. However, the valve position does not move. If the
188  current reaches to the point described on the figure, valve position starts to move due to the generated
189  motor torque is over the static torque. At this time, speed is increased radically when static friction
190  torque and coulomb friction torque has a large difference. Note that controlled speed is 20[rpm]
191 which is Stribeck velocity, in this case, coulomb friction torque current is 0.8[A]. However, static
192 friction torque is 10.4[A] which means that static friction torque is over ten times of coulomb friction
193 torque.

194

195 3. Proposed position controller

196 Fig. 5 shows the conventional P-PI controller and proposed control system.[11] As shown on the
197  figure, proposed control system does not implement speed controller. The main reason is motor
198  position detection sensor is absence in practical product to reduce the cost. Although the speed
199  information can be obtained from the linear position sensor implemented for detecting valve position,
200  however, sensing dynamic of linear position sensor is not enough to calculate motor speed. Moreover,
201  the speed information is the derivative component of position information, it is essential to use the
202  filter to mitigate the noise. This restricts the bandwidth of the controller more worse which is already
203  restricted because of slow dynamic of the linear position sensor.

204 Due to the same reason, D controller can not be adopt because the effective derivative
205  component of the position error is difficult to obtain. Moreover, it can amplify the noise of the position
206  information signal. Therefore, the position controller is selected as PI controller in this system.
207  Actually, this position control system has a problem in the performance. First, proposed position
208  control transfer function shown on Fig.5 can be described as below.

209
G,(5)G.(5)G, (s
210 0, _ ,(8)G.(5)G,,(s) 16)
6 1+G,(5)G,.(5)G,(s)
211
212 The control dynamic of the current controller is much faster than position controller, the transfer

213 function of current controller G(s) can be approximated as 1 in the position control view. Assuming
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Figure 5. Position control method (a) P-PI controller[11] (b) Proposed position controller

214  that spring load torque is fully compensated by feedforward path, the transfer function can be
215  changed as follow.

216
0 k k,s+kk,
217 L=+ (17)
0, s +kk,s+kk,
218 where, ki is ki/].
219 Insert this transfer function to final value theorem, the error of step response can be obtained as
220  below.
221
. 1
222 e, =lim =1 (18)
014+G ()G, (5)
223
224 From the above equation, PI controller for position control has an error in steady state. To solve

225  this problem, proposed control method is derived from hysteresis control. Proposed control sets the
226  allowable boundary to perceive that practical position follows the reference. If the sensed linear
227  position is going to inside of the boundary, the timer is activated to observe that the controlled
228  position is stably located in the boundary or it is just transient operation. In this paper, the time to

229  perceive that controlled position is in the steady state is 200[ms].

230 Fig. 6 shows the problem of conventional PI controller. If the sensed position gradually reaches
231  the position reference, controller output also reduced. It also makes to reduce generated current and
232 motor speed. In advance, if the speed is reduced below the Stribeck velocity, static friction torque
233 majorly affects the entire load torque. As a result, motor is stopped as shown on the figure when the
234 motor current does not overcome the static friction torque. Next, I controller integrates the position
235  error when the sensed position does not exactly follow the reference. This integrated error gradually
236  increases the current reference. If it reaches specific current value that generated motor torque is
237  above the static friction torque, it causes sudden speed variation shown on Fig. 4, which makes the
238  position vibration.
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To solve this controller, variable I controller gain is adopt according to the position error. When
the position error reaches to the boundary, reduce I controller gain to minimum accordance with the
position error as shown on Fig. 7. As aforementioned, I controller is the root of position control
vibration, makes this controller inactive since the valve position locates inside the allowable range.
In this case, only P controller affects the current reference generation. As a result, position vibration
does not occur with proposed position control method. In this paper, this allowable range is 5% of
the position reference.

Allowable Range |
0
\
pIout  fdad
control control_prop
0l N N e
control out
PI control_prop

Static Friction

w?‘ Affection

l Stribeck
velocity

Figure 6. The operation of conventional and proposed PI controller

I Gain

Convergence
is finished

abs(0,.)

Figure 7. Variable I controller gain adaption according to the position error

4. Experimental Result

Fig. 8 shows the experimental test setup. To compare conventional control method, high
performance DSP TMS320F28335 is used, and speed sensor is also instantaneously implemented in
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256  mechanical system. Sampling frequency of current controller and switching frequency are the same
257 as 20[kHz]. Position control frequency is 2[kHz]. The motor parameters are shown in Table 1.

258
259
260 Figure 8. Experiment setup
261 Table 1. Motor parameters

Parameters Value Unit

Rated Power 200 [W]

Input voltage 12 [V]

Max. Current 20 [A]

Rated Speed 500 [rpm]
262

T 20 [ms /diV] 20[ms/ diV]
07 (20[%/di y 67 (20[%/di .
r@ODSAND g o opeadiv) ; rQOCAAND). . o o 0osdiv])

263
264 (a) (b)
265 Figure 9. Position dynamic response (a) 10% valve reference is applied (b) 100% valve reference is
266 applied
267
268 Fig. 9 shows the position dynamic responses of 10% valve reference and 100% valve reference.

269  Due to the high static friction torque, if the position error is small, I controller needs some time to
270  generate output for suitable torque against static friction torque. Therefore, the gain has to be tuned
271  considering maximum allowable control response time when the smallest position reference is
272 applied. As shown on the figure, when the 10% reference is applied, the control response time is
273 much longer than the result 100% reference is applied because of static friction torque. On the other
274  hands, this control gain can not be increased infinitely because of the overshoot restriction. Therefore,
275  control gain tuning has to be trade-off by considering two aspects, response time and overshoot.

276 Fig. 10 shows the comparison experimental results using conventional P-PI controller[11] and
277  proposed controller. As shown on the figure, position controlled by conventional method is vibrated
278  due to the large difference between static and coulomb friction torque. Until the current reaches 2.5[A]
279  for forward direction, the position movement is very little because the static friction torque resists the
280 movement, however, since the current is above the 10[A], position is radically moved forward
281  because of the sudden friction change to coulomb friction torque. The reverse direction operation also
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occurs the vibration, as same as forward direction operation. As aforementioned, I controller
integrates the small position error, and if the current reference is over the limit, the difference of static
friction and coulomb friction torque causes the vibration.

100[ms/div]

100[ms/div]

- la(10[A/div]) 1

e 0,.(100[%/div])
T 8(100[%/div])

(b)

Figure 10. Comparison result between conventional and proposed position control (80% reference)
(a) Conventional position control (b) Proposed position control

However, position vibration is no more existed with the proposed controller, because the
position error is not integrated if it is located inside of the allowable reference range. Stably controlled
valve position is 83.4[%] which means 3.4[%] error from the reference. As a result, this experimental
result indicates that proposed control method can be effectively applicable in the low cost mechanical
drive which has a large difference between static and coulomb friction torque.

5. Conclusion

This paper proposes the position control method for cost effective and fast response which can
be used in vehicle valve system. Because the low cost mechanical system has the high difference of
static friction and coulomb friction, the control performance is deteriorated with conventional linear


http://dx.doi.org/10.20944/preprints201807.0609.v1
http://dx.doi.org/10.3390/en11082171

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 July 2018 d0i:10.20944/preprints201807.0609.v1

11 of 11

304  controller. However, with the proposed control method, allowable boundary and selectable
305  operation of I controller can achieves the proper control performance which has an acceptable error.
306  Proposed method is verified by comparing conventional method in experiment.
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