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Abstract. The paper introduces Extended Identification-Based Predictive Control (EIPC), which is a novel control method developed for
the problem of adaptive impact mitigation. The model-based approach utilizing the paradigm of Model Predictive Control is combined with
sequential identification of selected system parameters and process disturbances. The elaborated method is implemented in the shock-absorber
control system and tested under impact loading conditions. The presented numerical study proves the successful and efficient adaptation of the
absorber to unknown excitation conditions as well as to unknown force and leakage disturbances appearing during the process. The EIPC is
used for both semi-active and active control of the impact mitigation process, which are compared in detail. In addition, the influence of selected
control parameters and disturbance identification on the efficiency of the impact absorption process is assessed. As a result, it can be concluded

that an efficient and robust control method was developed and successfully applied to the problem of adaptive impact mitigation.
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1. INTRODUCTION

The problem addressed within the paper refers to impact miti-
gation, which is a process aimed at alleviation of loading act-
ing on the amortized objects with a requirement to absorb and
dissipate the entire excitation energy. Devices applied for this
purpose are called shock-absorbers and they can be found in
various branches of engineering, beginning from the automo-
tive [1-3] and aerospace industry [4, 5], by off-shore protec-
tion [6], robotics [7], ending with everyday life applications,
e.g., bicycle suspensions [8]. Since impact absorption in the
case of the above applications lasts from several to tens of
milliseconds the practical implementation of semi-active or ac-
tive control methods remains very challenging. Because of that,
most of all the passive absorbers were used and they are still
being developed, e.g. in the form of an elastomer-filled com-
posite tube [9] or variable-area fluid-filled tube with fluid out-
flow [10].

Taking advantage of the technological progress in the field
of sensors and actuators, as well as data acquisition and signal
processing, it becomes increasingly popular to replace typical
passive absorbers with more sophisticated controlled solutions.
They include magnetorheological [11,12], and electrorheologi-
cal [13] dampers, fluid absorbers with piezoelectric valves [14],
devices utilizing shape memory alloys [15], and dampers based
on the application of granular material [16,17]. Apart from high
performance, the above applications have also additional capa-
bilities, such as energy harvesting [18, 19], which ensures that
a part of excitation energy can be retrieved and reused.
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The first semi-active and active shock absorbers utilized clas-
sical controllers, such as PID [20] with feedback to generated
force or acceleration [21, 22]. In order to determine the ap-
propriate input for the controller, the inverse dynamics prob-
lems were solved before or at the very beginning of the pro-
cess [23]. Alternatively, the state-dependent path-tracking ap-
proach [24-26] with kinematics-based feedback was applied
to guarantee successful and efficient impact mitigation. Fur-
ther development of adaptive absorbers included the application
of well-established Model Predictive Control (MPC) [27, 28].
The paper continues this approach but the MPC is combined
with repeatedly performed identification of unknown process
parameters. Such an approach was introduced in [29], where
Identification-Based Predictive Control was elaborated to pro-
vide adaptive impact absorption under the presence of unknown
disturbance forces. The presented study constitutes the next
step of research, where the Extended Identification-Based Pre-
dictive Control method is established and successfully applied
for extended cases of simultaneously unknown amortized ob-
ject mass, disturbance force, and gas leakage.

2. PROBLEM FORMULATION

Despite the fact that impact absorption problems often concern
complex mechanical systems, the development of a novel im-
pact mitigation method is usually started using a relatively sim-
ple 1-DOF system as shown in Fig. 1.

Here the object of mass M and initial velocity vq is amortized
by the double-chamber pneumatic absorber filled with opera-
tional gas, whose parameters are described by pressure p, tem-
perature 7', mass m, and volume V. The index of the gas param-
eters is “1” in a decompressed chamber and “2” in a compressed
chamber. Displacement of the absorber piston is denoted by x
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Fig. 1. Scheme of the pneumatic double-chamber absorber with
controllable valve under impact excitation

and its velocity by v. The kinematics of the piston is influenced
by pneumatic force F), (p1, p2) resulting from pressure differ-
ence appearing between the absorber chambers and by delimit-
ing force acting on the piston at the end of the stroke Fyj. The
flow of gas between the chambers is described by the definition
of the mass flow rate Q,,, which depends on pressures in both
chambers p; and p;, the temperature of the gas in the upstream
chamber T, and the actual area of the flow A,. To demonstrate
the outstanding performance of the developed control method,
the unknown disturbance force Fyis () and unknown gas leak-
age Quist(?) are introduced into the system model.

Applying mathematical models discussed in detail in the lit-
erature, e.g. [25], a state-space description of the system can be
developed and transformed into the following form:

dx
7 =" (1)
dv  F,(p1,p2) + Fuise(t) + Fael o)
= i , (2
dp1  «x :
o = VI [7[71‘/1 +0On (pl 71727Tucp7AV) RTUCP
+ Qdist(f)RTuﬂ ; 3)
dps K -
F = VZ [_[72‘/2 — Qm (pl y P2, TuiﬂAV) RTUCI.J
- Qdist(t)RTu(ﬂ ’ “)
dm .
1 (1o T As) + Q). )
dA ku—A
dtV — % (6)

The above system of differential equations must be supple-
mented by:

e initial conditions: x(0) = xo, v(0) = vo, p1(0) = po,
p2(0) = pao, m1(0) = myg, A, (0) = A,

e definition of the pneumatic force F,, = poA; — p1A1, where
A1 and A; are areas of the piston,

e mass conservation equation mj + my = mg = const.,

e definition of chamber volumes V| = Vig+A1x, Vo = Voo —
Ajx,

e ideal gas law p;V; = m;RT;, i = 1,2,

e relations for the temperature in the upstream chamber for
controlled gas flow T, and gas leakage Tu‘l’[,:

T, for A, >0,
Ty = {Tl (7a)

for A, <O0;

for PZZPM

(7b)
for p) < p;.

T
d 2

Equations (1)—(2) describe the dynamics of the amortized
object, (3)—(4) define thermodynamic energy balance for the
compressed and decompressed chamber, (5) defines the mass
flow rate of gas between the chambers, whereas (6) corresponds
to the operation of the controllable valve, which is aimed at
providing an appropriate area of valve opening A, for gas ex-
change.

The quantity Q,, at the r.h.s. of the flow equation (5) is for-
mulated using the isentropic flow model, the model based on
the C-b relationship (ISO 6358), or experimentally obtained
characteristics. The proposed flow model assumes that the ap-
plied valve opening area can take both positive and negative
values. Positive values of the valve opening area correspond to
spontaneous gas flow between the chambers, which occurs in
a semi-active system. It has a direct physical interpretation as
a minimal area of the fluid flow inside the valve. In contrast, the
negative valve opening area, which appears in the case of ac-
tive control, reveals only the fact that enforced pumping of gas
from decompressed to the compressed chamber is required dur-
ing the process. The negative value of valve opening area has
no direct physical meaning. However, it can be interpreted as
a quantity correlated with the required intensity of gas pumping
and the energy required for the gas pumping.

The valve area A, is coupled with the control signal u using
the classical first-order equation (6) with gain k, and time con-
stant T,,. According to experimental research conducted at IPPT
PAN, such an approach is appropriate for the description of fast
piezoelectric valves analyzed within this study.

The performance of shock absorbers is typically evaluated
by measurement of maximum reaction force [22], impact ab-
sorption efficiency, or decelerations acting on the amortized ob-
ject [30]. Concerning the optimal control problem, it is more
convenient to formulate an integral objective function, as pro-
posed in [29]. Here, we consider the objective function which
contains the term indicating a global error of state-dependent
path-tracking process and the term indicating global control
cost multiplied by arbitrary weighting coefficient g:

T

V2 u 2
J(u):/(\}(u,t)—z(d(x’(;)t))> A i)l (8)

0

The first term is expressed as a difference in the actual ac-
celeration of the amortized object v and optimal deceleration
value specified for the remaining part of the process. The op-
timal deceleration is calculated using the object actual velocity
v and the remaining part of the absorber stroke d — x, which
always remains larger than zero due to the presence of delimit-
ing force Fyj, which assumes a nonzero value in the case when
the piston hits the absorber bottom. In turn, the end time of the
process T corresponds to the static equilibrium conditions. The
second term of the objective function is expressed using the ac-
tual valve opening area A,. The weighting coefficient g allows
us to differentiate and compare semi-active and active systems
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according to the following relation:

g for A, <0 active operation,
4= ©

0 for A, >0 semi-active operation.

Moreover, it can be used to provide a balance between the im-
portance of the state-dependent path-tracking error and the con-
trol effort.

Finally, the optimal control problem corresponding to the
adaptive impact mitigation can be formulated as follows:

Minimize J(u) with respect to u(f) € [Umin, Umax)
x(T)
subject to (1)—(6) and /

X0

Fabs(p]ap27t)dx:Eimp7 (10)

where the absorber force Fy,s = F), + Fg;sc and the impact energy
Eimp=1/ 2Mv%. The last constraining equation is the condition
of energy dissipation, which corresponds to the stopping of the
impacting object within the available absorber stroke.

The above formulation is a complex variational problem and
cannot be solved either analytically or numerically, because the
mass of an amortized object as well as system disturbances are
unknown. Therefore, the authors develop a dedicated control
method, which is discussed in detail in the following sections.

3. DEVELOPMENT OF THE EIPC

The EIPC can be considered as a kind of Adaptive Model Pre-
dictive Control, which was developed by the authors to provide
self-adaptive operation of a pneumatic absorber with automatic
adjustment to actual impact conditions and compensation of
disturbances. The proposed EIPC method enables an approx-
imate solution of the formulated variational problem of adap-
tive impact mitigation (10) under the assumption that the mass
of the impacting object M as well as functions defining sys-
tem disturbances Fgis; and Qgisc are not a priori known. In such
a case the introduced state-space model (1)-(6) cannot be di-
rectly used to determine optimal control and optimize system
response.

The proposed approach utilizes methods of system identi-
fication to construct and update the predictive model, which
serves for the approximate simulation of the system dynamics.
Such a model is used to determine the optimal control at as-
sumed prediction intervals of arbitrary length. According to the
paradigm of the AMPC, the procedure of system identification,
update of the predictive model, and finding optimal control is
repeated at each control step.

3.1. System identification
The proposed method of system identification aimed at updat-
ing the predictive model utilizes two basic approaches:

e Determination of the equivalent parameters which compen-
sate simultaneous occurrence of unknown system parame-
ters and disturbances.

e Identification and prediction of future changes in distur-
bances occurring during the process.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 71, no. 4, p. 145937, 2023

The first method is used when both the unknown system pa-
rameter and disturbance function appear within a single state
equation. Here, it is applied for replacing unknown impacting
object mass M and unknown force Fyis; by equivalent mass pa-
rameter Meq, which is defined using the actual values of pneu-
matic force and acceleration:

Fp(ti)
v(ti)
In the undisturbed process the parameter M.q equals to the real
value of impacting object mass, while in the process with ad-
ditional disturbances, it changes at the subsequent control steps
in order to compensate their occurrence.

The second method is used when only one unknown distur-
bance function arises in a single equation of state. Here, it is ap-
plied for predicting the time history of fluid leakage between the
chambers during the process. Initially, the value of fluid leak-
age at each control step is identified separately with the use of
energy balance equations and flow equations in order to obtain
three quantities:

Meq(ti) = —

(1)

=1 P1(ti)(Vio +A1x(1;))
Qdist(tl) - KRTLfé(l‘,')
P1Av(t) Ty (1)
g N Qm(ti) ’ (12)
RT(1;) T (1)
_ 2 (1i) (Vao — Aox(t;
Qi (1) = -k )i(ch;)"d (I;X(t !
up \*?
P2AY(t;) Tip (1)
) ) It g
RT(1;) Tih (1)
*(47)
i) = — (1) = Ot (4

Since each identification requires measurement of different
state variables and computation of different time derivatives,
the computed values of fluid leakage may vary. The final value
to be used in further computations can be selected from the two
closest results or by their averaging. Then, the values identified
at all previous control steps are used to determine the actual
form of the continuous function describing the change of fluid
leakage:

Quist (t1,1) = fi (Qaist (1), Qaist (2), - - -, Qaise (1) 1) ,

which can be extrapolated to the next prediction interval.

Eventually, the predictive model applied at each control step
contains two fundamental equations of the main model (1) and
(6), an equation of impacting object motion that utilizes the ac-
tual value of equivalent mass Mcq(t;) as well as equations of
energy balance and flow equation which utilize actual predic-
tion of the fluid leakage function Qi (#;,7):

15)

dr Meq(ti) 7
d K . —
G = v i QuRT, + Q. 0RT . (7)
3
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dp> K . R

FTA [—Psz — Om(u)RTy, — Qdist(fi,f)RTuﬂ , o (18)
dm —

ditl = Qm(u) + Quist (11, 1)- (19)

3.2. Reformulation and solution of the control problem

In the EIPC method, the formulated variational optimization
problem defined by (10) is decomposed into a series of stan-
dard path-tracking problems starting at the beginning of each
control step and aimed at finding actual optimal control using
an updated predictive model of the system. Thus, the solution is
obtained by sequential solving of the control problems formu-
lated as follows:

T v \2 2
Minimize: J(u)=/<v(u,t)—%£i(n»> +qA, (u,1)*dt

t
with respect to: u(t) € [tmin, Umax] »

«(T)
subject to: (1), (6), (16)—(19), / Fy(p1,p2,t)dx = Eip . (20)
Xo

In the considered case when the absorber stroke d is close
to the length of the compressed chamber, the condition of en-
ergy dissipation can be always fulfilled at the end of the pro-
cess when the infinitesimal mass of the gas remains in the com-
pressed chamber and the application of infinitesimal control al-
lows to obtain the state of static equilibrium. Thus, the con-
dition of energy dissipation can be omitted and the prediction
interval can be arbitrarily shortened. In particular, it can be lim-
ited to a length of a single control step in order to speed up the
computations.

Despite the applied decomposition and control horizon short-
ening the proposed iterative method provides an approxima-
tion of the global solution of the original control problem. Such
a feature is provided since each of the sequentially solved con-
trol problems includes the optimal value of acceleration for the
entire remaining part of the process. A better approximation
of the global solution requires obtained in advance knowledge
about changes of disturbances in time, which is impossible in
practice.

The solution to the control problem defined by (20) can be
obtained using Pontryagin’s maximum principle or direct meth-
ods based on discretization of the control function in the time
domain, but in both cases, the related difficulty is the indef-
inite time horizon of the process. Herein, we adopt a different
approach and apply either continuous control with parametriza-
tion of the control signal using the polynomial function or dig-
ital control with the constant value of the control signal. In the
latter case, the original dynamic optimization problem solved
at each control step is reduced to a one-dimensional static opti-
mization problem:

t,'+At ( )2 2
: opt __ : SN vili
Find u argmin / (v(u) 2(dx(ti))>
1

+qA,(u)?dr. (1)

Let us note that the equation governing valve response is in-
dependent of other equations and has the analytical solution:

_ (=) max U _ (=)
Av(t) :Av(t,')e To +AV W 1 —e To

AmaX
for u>0 and k, = ~—, (22)
umax
_ (=) U _(=t)
A1) =A,(t))e T +A —m l1—e B
min
for u<0 and ky = 2.  (23)

umin

Thus, the parameterization of the control signal u corre-
sponds to the parameterization of the valve opening A, and the
differential equation governing valve operation does not have to
be included within the numerical solution of the optimization
problem. Moreover, it can be proved that the objective func-
tion of the formulated optimization problem is convex in terms
of control variable so the solution can be found using standard
gradient-based methods at small numerical cost.

4. STUDY ON PERFORMANCE OF THE EIPC

The presented numerical examples are aimed at proving the ef-
fectiveness of the EIPC method in the mitigation of the impact
of a single object with unknown mass and initial velocity. The
considered process disturbances include unknown elastic force
occurring during the entire process and unknown gas leakage
appearing at its middle part. However, neither the type of dis-
turbances, the time of their occurrence, nor their characteristics
are known for the control system.

The subsequent numerical examples reveal how the impact
mitigation process is influenced by valve parameters, the ap-
plied control type (semi-active vs. active), and the control cost.
The values of system parameters, which were applied in numer-
ical simulations are collected in Table 1.

Table 1
Parameters applied in the numerical examples

M Vo P10> P20 Ar, Ay
(kg) (m/s) (kPa) (mm?)
5 5 300 1256.64
Vio Va0 d Tio, Tro
(em?) (em?) (mm) (K)
7.54 118.12 94 293.15

The implemented model of a double-chamber pneumatic
cylinder utilizes the classical isentropic flow model which de-
scribes the subcritical and critical flow conditions using the St.-
Venant function. According to this model, the mass flow rate of
gas between the upstream chamber (2) and downstream cham-

Bull. Pol. Acad. Sci. Tech. Sci., vol. 71, no. 4, p. 145937, 2023
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ber (1) is defined as:

P2

VRT,

\/21((2 LH)
el CORU IR

K

Qm (pl;p27 TZ)AV) = CAV(I)

(24)

P1

f < -
— or pp <p
. I3 2 1 1 )

2 \®T 2 \TF
>
<K—|—1) OrPZ_P1<K_+1) ;

where C is a discharge coefficient and x is an adiabatic expo-
nent. The critical ratio of pressures which defines the subcriti-
cal and critical flow range is calculated for the air (k = 1.4) and
equals approximately 0.5283.

(25)

4.1. A system with unknown mass and force disturbance
The first numerical example concerns control of the system
with unknown impacting object mass and force disturbance,
but without fluid leakage. The example has two main objec-
tives: i) demonstration of the effectiveness and robustness of the
EIPC method, ii) analysis of the system response for piezoelec-
tric valves of various operation speeds and constrained maximal
flow areas.

The operation of the control system is based on the compu-
tation of the equivalent mass according to (11), identification
of fluid leakage according to (12)—(14), which is here close to
zero, and repetitive solution of the updated optimization prob-
lem at the subsequent control steps. The control cost is ne-
glected (¢ = 0) since negative valve areas are not expected.

The results in Fig. 2 present the operation of control executed
using piezoelectric valves of various operation speeds specified
by the constant 7,,. The application of digital control with a fast
piezoelectric valve results in a system response resembling the
theoretical optimal solution [25], in which the force increases
at the maximal rate, then is maintained constant, and finally
decreases at the end of the process, causing dissipation of the
entire impact energy.

In particular, for the fast piezoelectric valve with a time
constant 7, = 0.5 ms the second stage of the process includes
a gradual decrease of the applied optimal control signal and gas
flow area from their maximal values (not achieving u™** and
A" to the values being close to zero. The corresponding gen-
erated force is maintained approximately constant and visible
oscillations appear only at the end of the process (Fig. 2a—c —
navy lines).

Application of a slower piezoelectric valve with a time con-
stant T, = 2 ms (Fig. 2a—c — red lines) results in a still satisfac-
tory but clearly worse response of the impact absorbing system,
which includes two unfavorable phenomena. Firstly, at the be-
ginning of the second stage, the applied optimal control signal
achieves its limit value, the increase of gas flow area is insuffi-
cient, which causes an excessive increase in the generated force.
Secondly, during a further part of the second stage, the value

Bull. Pol. Acad. Sci. Tech. Sci., vol. 71, no. 4, p. 145937, 2023
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Fig. 2. Control of pneumatic damper using piezoelectric valves of
various time constants 7,: a) applied control signal, b) resulting valve
opening area, c) generated force

of the applied control signal commutatively increases and de-
creases, which results in the opening and closing of the valve
and corresponding oscillations of the generated force.

Finally, the application of the slowest piezoelectric valve
with a time constant 7, = 4 ms (Fig. 2a—c — black lines) causes
evidently non-satisfactory response of the system in which
force heavily increases at the initial part of the process and fur-
ther, it is maintained constant at a low level with substantial os-
cillations. Nevertheless, the initial excessive force increase can
be eliminated by the application of the valve of the same time
constant but larger maximal flow area, see Fig. 3.

The above-discussed simulations of the EIPC operation en-
able a comparison of the obtained change of generated force
with general requirements for the designed impact-absorbing
system. The procedure allows for the selection of the piezo-
electric valve of a proper time constant and maximal flow area.
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Fig. 3. Control of pneumatic damper using slow piezoelectric valve of
various maximal flow areas A'®*: a) valve opening area, b) resulting
generated force

4.2. A system with unknown mass, force disturbance,
and leakage disturbance

The second numerical example concerns the control of the im-
pact scenario with unknown impacting object mass, force, and
leakage disturbance. The main objectives of the example are
i) to compare the operation of the semi-active and active con-
trol system without leakage identification, and ii) to investigate
the influence of leakage identification on the operation of both
control strategies, system efficiency, and robustness.

Similarly, as in the previous case, the control system oper-
ation is based on the determination of the equivalent mass and
repetitive solution of the updated control problem at subsequent
control steps. The time constant for semi-active and active sys-
tems is assumed as 7, = 0.5 ms, which provides sufficient speed
for piezoelectric valve operation and efficient gas pumping. The
control cost is neglected (¢ = 0) in order to achieve the highest
efficiency of the path-tracking process. The leakage disturbance
includes fluid flow from the compressed to the decompressed
chamber, which starts at = 0.015 s, increases to maximal value
att = 0.016 s, and then decreases to zero value at t = 0.019 s.

The results presented in Fig. 4 show the operation of semi-
active and active control in the case of leakage not identified
and taken into account in the predictive model of the system.

At the beginning of leakage occurrence, the operation of both
methods is identical. At the end of the control step with leakage
occurrence (t = 0.016 s), both control systems detect sudden
changes in system kinematics and significantly update the ac-
tual value of optimal deceleration. As a result of optimal control
re-computation, the control signal is reduced to a small value

a)
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1507
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2
»
°
£ 507
<}
O
0 T
0.01 0.p2 0.03
Timg [s]
-50
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©
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15007
21000-
®
1<
o
L 500+
0 : T r
0 0.01 0.02 0.03
Time [s]

Fig. 4. Control of pneumatic damper with the use of semi-active and
active control without leakage identification: a) applied control signal,
b) resulting valve opening area, c) resulting generated force

(Fig. 4a), and the corresponding valve closing process is exe-
cuted (Fig. 4b).

At the subsequent control steps, the update of the system
path and control computation is repeated, but the action of both
control systems is entirely different. In the semi-active system,
the zero control signal is applied and the valve remains closed
for two consecutive control steps until the optimal deceleration
level and the corresponding generated force level are reached
(Fig. 4a—c — navy lines). In contrast, in the active system the
applied negative value of the control signal results in the pump-
ing of gas to the compressed chamber, which ensures a faster in-
crease of total generated force and reaching the optimal value in
a shorter time (Fig. 4a—c —red line). The consequence is a lower
value of reaction force during the remaining part of the process.

The results presented in Fig. 5 show the operation of semi-
active and active control systems in the case when leakage is
identified and included in the predictive model. At the end of the

Bull. Pol. Acad. Sci. Tech. Sci., vol. 71, no. 4, p. 145937, 2023
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control step with leakage occurrence (r = 0.016 s), both control
systems detect the change of system kinematics, and addition-
ally, the value of leakage is estimated using state measurements
and equations (12)—(14). Since only a single identification point
is available, the constant value of leakage is assumed and intro-
duced into the energy balance and flow equations of the pre-
dictive model. Application of a more accurate predictive model
complemented by expected leakage value results in the more
precise computation of the optimal control. The consequence
is a better response of the control system to occurring distur-
bance and immediate reduction of the control signal to the low-
est possible value (Fig. 5a). In the semi-active system it results
in faster closing of the valve and maximal possible reduction
of force decrease (Fig. 5b—c — navy lines). In turn, in the active
system, it causes intensive gas pumping leading to a fast reduc-
tion of force drop and its increase before the end of the control
step (Fig. 5b—c — red lines).

At the subsequent control steps, the leakage identification is
conducted again, which gives additional identification data and
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Fig. 5. Control of pneumatic damper with the use of semi-active and
active control with leakage identification: a) applied control signal,
b) resulting valve opening area, c) generated force
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allows us to predict the future change in leakage more precisely.
Computation of the optimal control with the use of an updated
predictive model results in different operations of semi-active
and active control systems. In the semi-active system, the valve
remains closed for the next two control steps in order to reach
the optimal deceleration and force level (Fig. S5a—c — navy lines).
In contrast, in the active system, the gas pumping must be grad-
ually reduced and the optimal system path is reached in one
control step (Fig. Sa—c — red lines). As a result, the active con-
trol system allows us to obtain lower values of reaction force
during the remaining part of the process.

The comparison of the plots of generated forces in semi-ac-
tive and active systems without leakage identification (Fig. 4c)
and with leakage identification (Fig. 5c) reveals the signifi-
cantly better performance of the latter ones. The ordered se-
quence of control systems of increasing performance includes:
1) semi-active systems, ii) semi-active systems with leakage
identification, iii) active systems, and iv) active systems with
leakage identification. The presented analysis and simulation
results allow us to choose the proper type of system for a given
application in order to fulfill assumed requirements on robust-
ness to leakage disturbance.

4.3. Influence of the control cost

The third numerical example concerns control of the pneumatic
damper under an impact scenario involving unknown impacting
object mass, force, and leakage disturbances, taking into ac-
count the control cost. The objective of the example is to inves-
tigate the influence of the weighting coefficient of the control
cost on the calculated optimal control signal, the correspond-
ing valve opening, and the change of force generated by the
absorber.

The operation of the considered control system is analogous
as previously; it is based on the identification of unknown pa-
rameters and repetitive solutions of the updated optimization
problem at each control step. However, in the case of leakage
occurrence causing active response with gas pumping, the ob-
jective function of the optimization problem (20) is affected by
the control cost term, which influences the calculated solution.
In order to enable its comparison with solutions obtained for
previously considered semi-active and active systems and ne-
glecting the control cost, the parameters of the valve and distur-
bances are the same as in previous simulations.

The numerical results presented in Fig. 6 show the applied
control signal, the valve opening area, and the absorber reac-
tion force for three control systems with different values of the
weighting coefficient g of the control cost term. During the ini-
tial stage of the process, the operation of all control systems and
the corresponding response of the pneumatic absorber are iden-
tical since the value of the valve opening area remains positive.
However, the influence of the control cost becomes clearly vis-
ible after time r = 0.016 s, when the leakage is detected. In the
case when the weighting coefficient ¢ is relatively low (approx.
up to 50 - 10'2) the applied control signal, the corresponding
valve opening, and the resulting system response are similar to
the active control system without control cost, cf. Figs. 5 and 6
—red lines. In particular, during the first control step after leak-
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age detection, the control signal is reduced to a minimal value
in order to achieve maximal negative valve opening indicating
intensive gas pumping and the fastest possible increase of gen-
erated force (Fig. 6a—c — red lines).

In contrast, when the weighting coefficient g is relatively
high (approx. above 10000 - 10'%). The operation of the control
system is strongly affected by the control cost and the nega-
tive values of the valve opening area are avoided. As a result,
the applied control signal and system response clearly resem-
ble the case of a semi-active control system, cf. Figs. 5 and 6
— navy lines. In such a case, the valve remains closed for sev-
eral control steps in order to achieve the required level of reac-
tion force, which now becomes significantly higher (Fig. 6a—
— navy lines).

Eventually, in the case of the intermediate value of the
weighting coefficient g of the control cost term (approx. in the
range of 50 - 10'2-10000 - 1012), the operation of the control
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Fig. 6. Control of pneumatic damper with the use of active control

with various weighting coefficients of the control cost term a) applied

control signal, b) resulting valve opening area, c) resulting total gener-
ated force

system and absorber response are located between previously
considered extreme cases. In particular, after leakage detection,
the intermediate negative value of the control signal and cor-
responding valve opening area is applied (Fig. 6a—b — black
lines). Consequently, the level of force generated after the end
of leakage is located between the values obtained for active and
semi-active control systems (Fig. 6¢ — black line).

The proposed methodology and conducted simulations allow
us to choose the proper value of the weighting coefficient of
the control cost for the expected range of impact conditions
and leakage disturbance. The appropriately selected value of
the weighting coefficient g can be used to provide a relevant
compromise between active control with high control cost pro-
viding low values of impacting object deceleration, and semi-
active control, which is energy-efficient but results in higher
deceleration values.

4.4. Assessment of impact absorption effectiveness

In order to quantitatively assess the effectiveness of impact ab-
sorption, the coefficient of impact absorption efficiency 1 is in-
troduced. It is defined as:

Xmax

/ Fps(x)dx

n=—e, (26)

FnaxXmax

where the numerator denotes absorbed energy, while the de-
nominator indicates the amount of energy that can be absorbed
using the maximal generated value of reaction force Fin,x and
utilized part of the absorber stroke xpy.x. Since the proposed
adaptive system always provides absorption of the entire impact
energy (cf. equation (10)) the integral in the numerator equals
to initial kinetic energy of the impacting object. Moreover, in
order to ensure process optimality, the control system provides
that the entire stroke of the absorber is utilized x.x = d. Thus,
in the considered case the definition of the impact absorption
efficiency coefficient takes the simplified form:

L2
" 5Mvo _ Fopt 7
Fmaxd Fmax ’

and it denotes the ratio of the theoretical optimal value of force
Fope and maximal value of the reaction force obtained from the
numerical simulation Fyx.

Let us note that optimal impact absorption with the constant
optimal value of generated reaction force (and the correspond-
ing value of 1 = 1) is purely theoretical since it corresponds to
the application of the active control system with enormous ef-
ficiency, which reacts infinitely fast on the occurrence of force
disturbance or fluid leakage. In the considered case of a pneu-
matic damper, the coefficient of impact absorption efficiency
depends on the value of initial pressure inside the pneumatic
cylinder, which determines the change of reaction force during
the first stage of the process, the corresponding length of this
stage and the required level of force during the second stage.
Moreover, the coefficient 7 is strongly affected by the leakage
of the gas between the chambers, which occurs during the pro-
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cess and its assumed intensity. Thus, the obtained values of i
are expected to be significantly smaller than 1.

The values of impact absorption efficiency coefficients were
computed and compared for each system analyzed in previ-
ously presented numerical examples, see Table 2. The con-
ducted computations reveal that for the system with unknown
mass and force disturbance, the coefficient of energy absorp-
tion efficiency decreases along with an increase in the time con-
stant of the piezoelectric valve (from 17 = 0.809 for 7, = 0.5 ms
to n = 0.629 for T, = 4 ms). As was expected, in the case of
leakage disturbance we obtained smaller impact absorption ef-
ficiency for the semi-active (SA) control system than for the
active (ACT) control system with gas pumping (n = 0.461
and 1 = 0.533, respectively). Moreover, the examples involv-
ing disturbance identification disclose 17 = 0.492 for the semi-
active system with leakage identification (SA+I) and n = 0.660
for the active system with leakage identification (ACT+1I). Let
us note that the increase in absorber efficiency caused by leak-
age identification is much larger for active systems due to the
possibility of the immediate start of gas pumping just after leak-
age detection. Eventually, the increase of the weighting coef-
ficient of the control cost g causes a decrease in impact ab-
sorption effectiveness. The coefficient of impact absorption ef-
ficiency for the system with control cost is bounded by the val-
ues corresponding to semi-active and active systems (1) = 0.492
and 1 = 0.660, respectively).

Table 2
Comparison of the coefficients of impact absorption efficiency for the
considered systems

A. System with unknown mass and disturbance force
T, [ms] 0.5 2 4
n 0.809 0.722 0.629

B. System with leakage

Control type SA ACT SA+I ACT+I
n 0.461 0.533 0.492 0.660
C. System with control cost
50 102 140 1012 10 000 102
n 0.660 0.589 0.492

Although all computed coefficients of impact absorption ef-
ficiency are much smaller than 1, they are significantly larger
than for the passive system with a constant valve opening area.
In such cases, the unexpected fluid leakage causes the impact
of the piston against the cylinder bottom, which corresponds to
a drastic increase in generated reaction force Fin,x and a signif-
icant decrease in coefficient 1.

5. CONCLUSIONS

In this contribution, the problem of optimal mitigation of im-
pact excitation involving an object of unknown mass and pro-
cess disturbances was formulated as an optimal control problem
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with the objective function including the integral error of state-
dependent path-tracking, and integral cost of control. The novel
EIPC method, which combines the concepts of adaptive control
and model predictive control, was proposed for an effective so-
lution to the above impact mitigation problem. In the proposed
method the identification of system and disturbance parame-
ters is used to update the applied predictive model, while mea-
surements of system kinematics are used to update the control
problem solved at each control step. The numerical efficiency
is provided by the shortening of prediction intervals and the ap-
plication of simple parametrization of the control function.

The presented numerical examples, which concern the ap-
plication of the EIPC for pneumatic absorbers equipped with
piezoelectric valves, revealed important features of the pro-
posed control method. They also allowed us to determine the
valve parameters required for the efficient operation of the im-
pact mitigation system. In particular, it was shown that valve
time constant and maximal valve area are crucial for the re-
alization of the path-tracking process, and their critical values
for the assumed impact conditions were found. Moreover, the
advantage of active control with gas pumping over semi-active
control was presented and a large positive influence of real-time
identification of leakage on the operation of both control meth-
ods and system efficiency was demonstrated. Finally, the influ-
ence of the weighting coefficient of the control cost term and
the problem of its proper choice was discussed. It can be con-
cluded that the EIPC proved to be an efficient and robust control
method for optimal mitigation of unknown impacts. Due to its
versatility and relatively low numerical cost, it seems to be ap-
plicable in various engineering applications.

The future research of the authors will be oriented towards
practical implementation and detailed experimental testing of
the EIPC control method. The research in this field is associ-
ated with the following challenges: i) construction of the piezo-
electric stack with an embedded strain gauge to be used in the
proportional piezoelectric valve; ii) application of the auxiliary
controller providing a desired extension of the stack and re-
quired valve opening area; iii) implementation of the proposed
control method including disturbance identification and control
signal optimization on the hardware controller; iv) experimen-
tal testing of the EIPC method for various impact conditions
and types of disturbances at the laboratory drop testing stand.
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