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Abstract: Automobile power windows are mechanisms that can be opened
and shut with the press of a button. Although these windows can comfort
the effort of occupancy to move the window, failure to recognize the person’s
body part at the right time will result in damage and in some cases, loss of that
part. An anti-pinch mechanism is an excellent choice to solve this problem,
which detects the obstacle in the glass path immediately and moves it down.
In this paper, an optimal solution H−/H∞ is presented for fault detection of
the anti-pinch window system. The anti-pinch makes it possible to detect an
obstacle and prevent damages through sampling parameters such as current
consumption, the speed and the position of DC motors. In this research, a
speed-based method is used to detect the obstacles. In order to secure the
anti-pinch window, an optimal algorithm based on a fault detection observer
is suggested. In the residual design, the proposed fault detection algorithm
uses the DC motor angular velocity rate. Robustness against disturbances and
sensitivity to the faults are considered as an optimization problem based on
Multi-Objective Particle Swarm Optimization algorithm. Finally, an optimal
filter for solving the fault problem is designed using the H−/H∞ method.
The results show that the simulated anti-pinch window is pretty sensitive to
the fault, in the sense that it can detect the obstacle in 50 ms after the fault
occurrence.

Keywords: H-/H∞; anti-pinch; residual; fault detection; multi-objective
particle swarm optimization (MOPSO); multi-objective optimization;
automotive; power windows; electric windows

1 Introduction

The increasing growth of automated systems and their application in larger and more complex
systems, and consequently the increased demand for safety systems, has led to a greater tendency
towards fault detection techniques, particularly, model-based methods in dynamic systems. Failure
to recognize in due time will result in damage and loss of a significant part of the capabilities and
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information and human resources in some cases. Due to the damage caused by the fault, the industries
were interested in seeking a way to minimize the incidence of faults. It is impossible to prevent a fault
in control systems. However, if the fault can be detected in a timely fashion and identified dynamically,
then by applying a proper control rule, the amount of damage can be reduced to an acceptable level.
Systems that have such capabilities are called fault-tolerant control systems. In these systems, some
performance drop is also acceptable in the event of a fault [1,2].

There are two main approaches to fault detection: model-based fault diagnosis and non-model
fault diagnosis [3]. The non-model fault diagnosis does not require a dynamic model of the system to
detect a fault [4]. An analytical model-based diagnostic method is one of the most important methods
for fault detection [5]. The model-based methods are generally faster and more accurate than the non-
model approach. These methods use the idea of producing the residual signal, which results from
a mismatch between the estimated behavior and the real system [6]. There are various methods for
generating the residual signal, which are based on the observer-based approach, parity equations
approach, and parameter estimation approach [7].

In the automotive industry, electronic systems, as they provide the customer’s comfort, encounter
vehicles with new needs [8]. One of these needs is the use of an automatic power window, which requires
the finger to be pressed on the command button to move the window until the end of its course.

Due to non-compliance with safety issues, there have been several incidents involving work with
power windows. Therefore, failure to correctly detect the fault will damage the part of the body in the
window movement path [2,9]. As a result, the anti-pinch window control system has been very much
taken into consideration.

In general, common methods for detecting pinch conditions are divided into two batches. In the
first method, the Pinch estimator assumes that the window velocity is significantly reduced and the
motion is steady. In this type of estimation, the required value of calculations is low, but its performance
decreases in the presence of noise.

Another type that detects the pinch condition is when the motor torque exceeds a predetermined
value, requiring an additional current sensor to prevent false alarms [10–12].

H−/H∞ is a method that decreases the effect of disturbance on the residual and increases the effect
of the fault on it. We use H− to show the criterion of the fault effect [13], which should be maximized
and used H∞ to show the disturbance effect. The criterion H− and H∞ is defined as [14,15]:

H−=||Trf ||− = inf σ(Trf(jw))>β0 (1)

H∞=||Trd||∞ = sup σ(Trd(jw))<γ0 (2)

Trf and Trd are the transfers of the fault and the disturbance to the residual signal, respectively.
The two scalars β0 > 0 , γ0 > 0 [14]. It should be kept in mind that in condition (1), H− is not really
the norm. For fault detection, H− is defined as follows.

Definition: For the system given as y(s)= G(s)u(s) the criterion H− is as [16]:

If the number of rows G(s) is greater than the number of its columns and ∀ω, G(−jω)GT(jω)> 0,
we have:

||G(s)||− = minωσ (GT(jω)) (3)
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If the number of rows G(s) is less than the number of its columns and ∀ω.GT(−jω)G(jω)> 0:

||G(s)||− = minωσ (G(jω)) (4)

To calculate this criterion, we introduce the following Lemma.

Lemma: Assume that A, B, P, S, R are matrices with suitable dimensions; while P and R are
symmetric, R> 0 and (A, B) are stable. Suppose two assumptions are satisfied [16]:

1. A does not have an eigenvalue on the imaginary axis.
2. P is defined as a positive semi-definite or negative semi-definite, while for (A, P), there is no

observable mode on the imaginary axis.

Then X is a unique real symmetric response for the following equation [17]:

(A − BR−1ST)
TX + X(A − BR−1ST)−XBR−1BTX + P − SR−1ST = 0 (5)

where, A − BR−1ST−BR−1BTX is stable.

In this research, an optimal algorithm is considered using the H−/H∞ method for the anti-pinch
window system. In this algorithm, angular velocity rate information is used as a fault under pinch
conditions. The fault detection observer is designed sensitive to the fault and robust to disturbances.
To be more specific, in the result section, we can see that the fault detection has happened within 50 ms
after the fault occurrence, resulting in having a window with negligible damage to the obstacle which
is on its path.

2 Methodology

In most cars, lifting the window is done using a very precise lever that keeps it leveling up. A small
electric motor is connected to a spiral gear and several circular gears to produce sufficient lifting force
to lift the window.

One of the important features of the power windows is that they cannot be opened by pressing; the
helical gear prevents it. Most spiral gears are locked automatically due to the angle of contact between
the helical gear and the round gear teeth. The helical gear can rotate the round gear, but the rounded
gear cannot rotate the helical gear. The friction between the teeth makes the gears lock. The lever has
a long arm attached to the bar that holds the bottom of the window. When the window rises, the end
of the arm slips into the slot on the bar. On the other hand, there is a large plate at the end of the rod,
where the gear teeth fall into it. The motor rotates the gear engaged with these teeth.

New generation cars are equipped with power windows that reduce the passenger’s quest for
moving car windows [18]. If the object is placed in the window path, for example, the child’s hand, the
window must stop at the moment. One method that automakers use to control the power of the window
is the design of a circuit that measures the torque of the lift motor. If the motor torque decreases, the
circuit will invert the inlet to the motor, and thus the window will return to the bottom. But the problem
here is how long a fault is detected [19]. In fact, less time is desirable for our problem since less damage
occurs to the obstacle. The overall view of the power window is shown in Fig. 1.

We consider the linear time-invariant system as following [14]:

ẋ =Ax + Bu + Ef f+Evv+Enn

y =C2x+D2u+Ff f+Fvv+Fnn (6)
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where x is the state vector, u input control, y is the measurement vector, n is white noise, v is the
disturbance, and f is the fault vector input.

Figure 1: The overall view of the power window

The residual generator is considered as follows [14]:

ˆ̇x =(A − LC2)̂x + (B − LD2)u + Ly

ŷ =C2̂x + D2u (7)

r =y − ŷ

where L, ŷ, y and r are the observer matrix gain, predicted output, observed output and residual vector,
respectively. Using (6) and (7):

·
e =(A − LC2)e+(Ef−LFf)f+(Ev−LFv)v+(En−LFn)n

r =C2e + Fff + Fvv + Fnn (8)

Which shows that the dynamics of the residual signal r depends on the state e in addition to the
parameters f, v and n. Another form of residual in Eq. (8) is as follows [14]:

r(s)=Trff(s)+Trnn(s)+Trvv(s) (9)

where Trf , Trn and Trv are transfer functions from f, n and v to r, respectively.



CMC, 2022, vol.72, no.1 219

2.1 Analytical Model of the Fault Detection Algorithm

The angular velocity ω is considered as a state variable and we have
·
ω from [14]:

·
ω = −b

J
ω+1

J
Tc−1

J
(Tp+Tw)+uv (10)

where b, J, Tc, Tp and Tw are viscous friction coefficient, moment inertia, control torque, pinch torque
and load torque, respectively. In addition, T =Tp+Tw is considered as the second state variable. The
torque rate is also added as the third state variable:

T̈ = uTd (11)

The matrices A, B, C2 and D2 of the Eq. (7) are as follows [14]:

A =
⎡
⎢⎣ − kekt

JRm

−1
J

0

0 0 1
0 0 0

⎤
⎥⎦ , B =

⎡
⎢⎣

kt

JRm

0
0

⎤
⎥⎦ , C2=

[
1 0 0

]
, D2=[0]

The DC motor parameters are obtained by experiments. The values of these parameters are shown
in the Tab. 1.

Table 1: Nominal values of motor parameters [14]

Motor parameters Value

Rm 0.85 [�]
Lm 0.649 [mH]
Ke 0.1204 [V/s/rad]
Kt 0.1204 [V/s/rad]
Tn 9.3 × 10−3 [s]
J 1.586 × 10−4 [kg/m2]
Vc 12[V]

By placing the above table data in the matrices A, B, C2, D2 :

A =
⎡
⎣ −107.530 −6305.170 0

0 0 1
0 0 0

⎤
⎦ , B =

⎡
⎣ 893.109

0
0

⎤
⎦ C2=

[
1 0 0

]
, D2=[0]

According to Eq. (6), to detect the fault, we select the matrices Ef, Ev, En, Ff, Fv and Fn as [14]:

En=
⎡
⎣ 893.109

0
0

⎤
⎦ , Ev=

⎡
⎣ 1

1
0

⎤
⎦ , Ef=

⎡
⎣ 893.109

0
0

⎤
⎦ , Fn=[0.05] , Fv=[0] , Ff=[1]
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3 Simulation of the System by Solving the MOPSO Algorithm

We want to transform the problem of controller design into an optimization problem and then
solve the problem using the MOPSO algorithm [20]. We design the system in a way that can withstand
any kind of uncertainty. We consider the linear state equation as [17]:
·
x = Ax + Ew + Bu (12)

where w =
⎡
⎣ f

v
n

⎤
⎦, E = [

Ef EV En

]
and the output equation is as:

z =C1x+F1w+D1u (13)

And, the measurement equation is:

y =C2x+F2w+D2u (14)

where F2 = [
Ff FV Fn

]
.

The goal is to put the system in a proper position by applying a u so that z meet zero [21,22].

According to the Eqs. (12)–(14) we have:⎡
⎣

·
x
z
y

⎤
⎦ =

⎡
⎣ A E B

C1 F1 D1

C2 F2 D2

⎤
⎦

⎡
⎣ x

w
u

⎤
⎦

The transfer function model is as [23]:

P(s)=
[

C1

C2

]
(sI − A)

−1 [
E B

]+
[

F1 D1

F2 D2

]
=

[
P11(s) P12(s)
P21(s) P22(s)

]
(15)

And, the closed-loop transfer function for input w and output z is:

Tzw(s)=P11+P12L(I−P22L)
−1P21 (16)

Since, Tzw(s) is a multivariable transfer function, we should use the norm of that to solve the
problem. At first, we consider the constant gain controller design problem as an optimization problem.
Afterward, with the help of the MOPSO algorithm, we find L so that ‖Tzw(s)‖ is minimized. In fact, z
must remain independent of the w; if we can supply it, we will have a robust controller.

The design goal in our chosen system is to reduce the angular velocity rate of the motor
·
ω to zero.

In fact, in our chosen system Z ∝ ·
ω.

Therefore, Eqs. (12)–(14) are rewritten as:

⎡
⎢⎣

·
ω
·
T
··
T

⎤
⎥⎦=

⎡
⎣ −107.5 −6305.2 0

0 0 1
0 0 0

⎤
⎦

⎡
⎣ ω

T
·
T

⎤
⎦ +

⎡
⎣ 893.1 1 893.1

0 1 0
0 0 0

⎤
⎦

⎡
⎣ f

v
n

⎤
⎦+

⎡
⎣ 893.1 1 0

0 0 0
0 0 1

⎤
⎦

⎡
⎣ u

uv

uTd

⎤
⎦
(17)

z = [ −107.5 −6305.2 0
] ⎡
⎣ ω

T
·

T

⎤
⎦+ [

α 1 893.1
] ⎡
⎣ f

v
n

⎤
⎦ + [

893.1 1 0
] ⎡
⎣ u

uv

uTd

⎤
⎦ (18)
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y = [
1 0 0

]⎡
⎣ ω

T
·

T

⎤
⎦ + [

893.1088 0 0
] ⎡
⎣ f

v
n

⎤
⎦ + [

0 0 0
]⎡
⎣ u

uv

uTd

⎤
⎦ (19)

In the Eq. (18), α ∈ [890 896] is uncertainty and α0 = 893.1 [14]. The toolbox is simulated to
create a robust fault detection system, as shown in Fig. 2.

Figure 2: Anti-pinch window simulation toolbox

The impulse signal is v with a delay of 0 s, a domain of 50, and a width of 0.3 s. In addition, white
noise is simulated with 0.00014, and its sampling frequency is 0.01.

The delay of impulse signal f is 2.7 s, with the amplitude of 1, and the width of 1 s. Now, we obtain
a lookup using the MOPSO algorithm in MATLAB software.

4 Simulation and Results

In this section, we face a multi-objective optimization problem. The goal of problem-solving is to
reduce the disturbance effect and increase the fault effect, meaning that we have to define two objective
functions and simultaneously optimize their value [24,25]. Therefore, we use the MOPSO algorithm
and define the cost functions according to the criterion H−/H∞ , as:

Z1 = ||Tzwd
||∞

Z2=||Tzwf
||− (20)
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where wd =
[

v
n

]
and wf = [f]. Afterward, the observer’s gain is obtained as follows:

L =
⎡
⎣ 00.0459

0.08533
1

⎤
⎦

Fig. 3 shows the response of the MOPSO algorithm, which is represented by o and ∗, where ∗ are
members of the archive. The horizontal and vertical graphs represent the Z1 and Z2 cost functions in
Eq. (20) respectively. It can be seen that each particle has been selected from the leader’s archive and
has done its own.

Figure 3: The cost functions of the mopso algorithm in the h−/h∞ method

As shown in Fig. 4, the sensitivity to the disturbance is well-faded and H−/H∞ is succeeded in
separating the fault from disturbance. We can get the fault detection time using the threshold level
which is shown with a discontinuous line in Fig. 4. This figure shows that after the pinch occurs in
2.7 s, the detection is done after 50 msec.

Figure 4: The residual signal in the h−/h∞ method in the presence of fault and disturbance

4.1 Closed-Loop System Analysis with L Controller and H−/H∞

In control systems, in order to formulate the controller design problem meeting the required
characteristics, we use weighting functions [26]. In this section, we use the H−/H∞ criterion and select
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20 points from the shape of the bode diagram of an additive fault which is shown in Fig. 5. Afterward,
we consider wa (weighting functions) as a second-order function, resulting in obtaining its transfer
function according to the selected points as follows:

wa = 4845 s2 + 3189 s + 0/5558
s2 + 3206 s + 175000

To achieve the optimal level of disturbance reduction, it is necessary to establish a relation between
S (the closed-loop system sensitivity function) and wa : ||[waS]||∞ < 1 [26].

Figure 5: Bode diagram of an additive fault

We assume that for all types of frequency:

||(I + GL)
−1||∞ <

1
wa

(21)

To reach this condition, we can say if and only if σ [(I + GL)
−1] <

∣∣∣ 1
wa

∣∣∣. To be more specific, if

the frequency sensitivity function remains within limits imposed by the inverse weighting function, the
control performances are met [27]. The exceptional values of 1

wa
are shown in Fig. 6.

Figure 6: Exceptional values 1
wa

using the h−/h∞
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The result of the comparison between the sensitivity function and the inverse weighting function is
shown in Fig. 7. As can be seen, the sensitivity function is located below the 1

wa
graph at low frequencies

as it was our required goal to meet control performances.

Figure 7: The inverse of the weighted function (blue line) and the sensitivity function using the h−/h∞
(green line)

4.2 Comparison of System Simulation Results with MOPSO and LMI Algorithms

Using the LMI algorithm, the observer’s gain for this system is obtained from [14]:

L =
⎡
⎣ 7.3967

−0.0164
0.0201

⎤
⎦

Fig. 8 shows the residual signal in the LMI and MOPSO methods using the H−/H∞ criterion.
The comparison of the pinch detection time in these two methods shows that MOPSO has been more
successful and can detect a fault 20 milliseconds earlier than LMI, resulting in reducing the injury that
is applied to the obstacle in the window path.

Figure 8: The residual signal comparison in the mopso and lmi method using the h−/h∞
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5 Conclusions

In this paper, the design of the H−/H∞ observer and its use in detecting and isolating the sensor
fault in the anti-pinch system of the car were discussed. According to the results obtained, it is pretty
evident that in the H−/H∞ method, the effect of the fault on the residual signal increases, and at the
same time, the effect of the unknown input is almost fading. In this paper, the MOPSO method was
used to solve the H−/H∞ problem; it was shown that the proposed algorithm could well capture the
optimal value for observer gain. This simulation shows that the effect of the fault on the residual has
increased, and the observer can detect the fault in 50 ms after once the glass of window meets the
obstacle placed in the path of the window. The results show that the H−/H∞ method is effective to
solve our problem and achieve our requirement. However, in this method, we had to set the values of
the noise, disturbance, and fault to simulate the model; if we have a method that does not need to set
the values for these three parameters, we will have a simpler simulation model for this system.
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