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Abstract. This paper is concerned with the needs and possibilities of implementing the active and semi-active
suspensions for wheeled vehicles of the Army of the Czech Republic (ACR) — for drivetrain configuration 4x4 to
8x8. The computer technology is currently on a very high level, the amount of data computed per second is on
steep rise and various processes have a capability to be driven almost real-time. The active suspension is
nowadays fully implemented in the highest classes of civil cars, therefore, it is time for the implementation into
the demands for modernisation of the wheeled vehicles of ACR. The land relief of central Europe is significantly
mountainous, thus the demands for the wheeled vehicles, in terms of overcoming obstacles, are very high. After
the application of the active suspension, the mobility and driving comfort of the vehicle are greatly enhanced.
Unfortunately, at the cost of increased energy consumption. Therefore, the amount of energy available for the
drivetrain is significantly lowered. On the other hand, the amount of energy required by the semi-active
suspension is remarkably lower. The mobility and driving comfort are better than a passive suspension. Thus, it
is recommendable to use scanning of the land relief in front of the vehicle subsequently controlling the chosen
elements of the suspension by suitable algorithms. The aim of this study is to create an analysis of accessible
information about the applications and control methods of active and semi-active suspensions. Evaluation of the
wide range of possibilities was done with regard to the crew of the vehicle. The crew is facing problems from the
fatigue and incidence of motion sickness to the worst case scenario, failure of organs.
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Introduction

Safety, handling and road stability are guaranteed by appropriate vehicle suspension, consisting of
a springing element and a damping element. Separately, these elements are rather useless, the damper
has no bearing function and the vehicle with springs only would behave like a boat on the open sea.
Initially, the vehicle suspensions were equipped with springing elements (leather belts) only and they
were sufficient due to low traveling speeds. The origin of steel springing elements (leaf springs) is
connected with the Industrial Revolution and with development of the manufacturing processes. The
first vehicle with a hydraulic damper appeared in the early years of the 20th century. The vehicle
suspension went through heavy development, but up to date, leaf springs are still utilized, despite
certain drawbacks (dimensions, weights). Heavy trucks and trailers, off-road vehicles, dump trucks
form a group of vehicles in which leaf springs are still utilized. Coil springs are often used for lighter
vehicles, ordinary ones with linear spring characteristics, or modern ones with a progressive one. The
achievement of progressive characteristic in coil springs requires significantly higher production costs.
In case of heavy military vehicles, torsion bars were put to use. Their stiffness depends on their
diameter and length, along with the layout on the vehicle. In modern wheeled vehicles, springing
properties of gas, usually enclosed in flexible bellow, are utilized. Used in combination with properties
of a hydraulic fluid, the most modern part of the suspension is created — hydro-pneumatic unit. Both
media are separated by a flexible membrane with a possibility of regulating the fluid volume under the
membrane. Thus, the change of the ride height is attained. Properties of high-pressure gas are used as a
springing element, and the flow of hydraulic fluid through a valve (hydraulic resistance) is used as a
damping element. Since the movement of the wheel is transferred to the membrane, the hydraulic fluid
must be supplied to the system by the hydraulic pump. Working pressures are usually ranging from 10
to 20 MPa.

Currently, the best comfort, handling and road stability can be achieved with an independent
wheel suspension, usually MacPherson, double wishbone or their variations, along with semi-active or
active control elements. In case of a semi-active suspension, the damping characteristic is the control
element, whereas with an active suspension, the control element is the springing characteristic. With a
passive suspension, for example Fig. 1, the properties of the spring and the damper are set during their
assembly, therefore it is not possible to change them during operation. Their characteristics are tuned
for a specific weight of the vehicle. However, the weight of the vehicle can vary, from a minimal
nominal weight to maximal admissible- fully loaded with cargo and crew. Naturally, a next step in the
suspension development was its progressive characteristic, which was progressively changing along
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with the rise of the vehicle weight — cargo, passengers etc. With the rapid improvement of computer
aided technologies, control of the suspension characteristics occurred. Control process is done by an
operator or by appropriate inputs from ECU of the vehicle.

The role of springing elements is energy accumulation. Without them, impacts and shocks from
the wheel would be transferred directly to the frame of the vehicle, thus to the powerpack, crew and
cargo. With the successful separation of wheels and chassis, conducted by utilization of the springing
element, the mass of the vehicle is divided into sprung and unsprung mass — Fig. 2. Road irregularities
and bumps are not transferred directly to the frame, instead the energy created by the wheel travel is
stored by the compression of the spring. Afterwards, during expansion, the energy is dissipated by the
damper and vice versa.

Fig. 1. Illustration of double wishbone suspension unit with coilover layout of spring and shock
absorber: 1 —bottom A arm; 2 — spindle; 3 — top A arm; 4 — shock absorber; 5 — spring

Based on the principle of hydraulic resistance, fluid is pushed from the area above the piston
through the narrow “valve” to the area under the piston. Thus, the energy is dissipated. With this
knowledge, it is obvious that controlling the damping characteristics is a much easier task than the
springing characteristics. Hence, the development of suspension continued with a simpler task and the
semi-active suspension was proposed. Control of the springing characteristics was achieved later, in
various kinds of suspensions and actuators. Since a kind of actuator is needed, the active suspension
needs higher energy input from the engine.

Semi-active suspension

As mentioned before, this type of suspension is the outcome of efforts for an improvement of
comfort and road handling with the lowest possible power demand. Since this topic is highly covered,
the utilization of the semi-active suspension (SAS) ranges from rail vehicles and trains to civil
engineering (huge dampers underneath the base plate of buildings as prevention from earthquakes),
and lots of publications are presented every day. Good overall summary is presented in the book [1].
Variety of control algorithms are divided in two main groups — comfort oriented (Skyhook) and road-
handling performance (Groundhook). Few drawbacks are occurring in both types, thus lot of hybrid
control algorithms are proposed. Another group of SAS is relying on rheological properties of fluids,
magnetorheological (MR) or electrorheological (ER). Viscosity of these fluids is controlled by the
amount of magnetic (MR) or electric (ER) field applied. In case of wheeled vehicles, MR dampers are
preferred, more studies are oriented on the topic, for example [2], because of low energy requirements-
the battery of the vehicle is sufficient. Lots of scientific publications are aimed for SAS, however, the
“engineering” side of the topic should not be forgotten. From the point of view of armoured military
wheeled vehicles, for example, armoured personnel carriers (APC), at least one more aspect of
suspension has not been mentioned yet: the space requirements. Other demands could be: excellent
dependability, maintenance factors- cost, time, crew and proper logistic services with spare parts etc.
Last but not the least, the ability of acquisitioning the wheeled military vehicles is divided into two
ways. Either, it can be bought anew as a replacement of an obsolete vehicle or the vehicle might be
sufficient, but some parts might be outdated, for example, suspension. Thus, it needs to be replaced
and modernized. Since a transition from passive to semi-active suspension is done by changing of the
damper units, SAS is easily the first choice in case of modernization. Therefore, expensive and
demanding design changes are unnecessary. Same rules are applied for hydro-pneumatic units.
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Active suspension

Controllable springing characteristic is the basic element of the active suspension. In case of coil
springs, it is a very demanding process. However, with modern suspensions, which utilize properties
of hydraulic fluids or high-pressure gases, the demands are lower. Majority of publications concerned
with the vehicle suspension are about active suspension [3-5] or fully active suspension (FAS). With
FAS, there is a continuous flow of information between all suspension units and ECU along with ABS
and all units of the vehicle, which can benefit from the information. Therefore, the breaking distance
could be shortened, motions of the vehicle with respect to passengers could be reduced, handling
might be improved etc. A small revolution within the vehicle suspension was created by Bose [6].
Though the design overtook all of competition, it featured lots of drawbacks. Overcoming those
required new and modern parts. Thus, the production and sales had to wait for the further development
of the needed parts. The concept of electromagnetic motors and power amplifiers was given to the
prestigious American University and the further development with modern technology and processes
is expected. In a meantime, all of the mentioned technology and FAS was successfully implemented in
2018 Audi A8 [7]. Forces generated by the road on the wheels and transferred to the suspension units
are for the particular car 3.7 kN in the front and 3.3 kN at the rear side. The electromechanical system
of each suspension unit is capable of generating 16 kN, with bandwidth ranging from 0 to 6 Hz,
meaning that each suspension unit can be adjusted every 15 ms. Another interesting feature is an
active roll stabilizer, through the lever 1 100 Nm can be exerted to equalize the roll motion of the
vehicle. Due to high number of active elements, the ECU required more power for the calculations and
control processes. Thus, an extra 48 V can be found in the vehicle. Presented in Table 1 [2] is the
comparison of the chosen parameters of various suspension types. In case of 8x8 APC it is possible to
have the FAS system utilized, unfortunately it is not expected that its benefits would overcome the
drawbacks (high power demands, complexity of the system, high cost, lower dependability), not
without the further development.

Table 1
Comparison of the most used types of suspensions due to chosen parameters
Passive Semi-active Hydral.lllc or Electromagnetic
Parameters . . pneumatic active . .
suspensions suspensions . active suspensions
suspensions
Structure Simplest Complex Most complex Simple
Weight or volume Lowest Low High Highest
Cost Lowest Low Highest High
Ride comfort Bad Medium Good Best
Handling performance Bad Medium Good Best
Reliability Highest High Medium High
Dynamic performance Passive Passive Medium Good
Energy regeneration No No No Yes
Commercial maturity Yes Yes Yes No

Comparison of active and passive suspension

In case of creating mathematical models of wheeled vehicles, it is recommended to fine-tune them
progressively and not to start with full models with 10 + degrees of freedom (DOF). In the majority of
scientific publications, the primal mathematical model is the 2 DOF quarter car model with two
possible vertical motions of sprung and unsprung mass. Gradually, the next step is the half-car
(4 DOF) model, and full car model with 7 DOF — 1 vertical motion for each unsprung mass and
bounce, pitch and roll motions of sprung mass. After successful creating a full car model and trying
out various control algorithms, it may be extended to 8x8 platform with sprung seats with even more
DOF. With this procedure, the computing time is slowly building up, so the mistakes are progressively
removed. Presented in Fig. 2 is the 2 DOF quarter car model, where x,;, are vertical deflections of
road, unsprung and sprung masses, k, and b, are tire stiffness and damping coefficient, k, and b, are
axle stiffness and damping coefficients. For active suspension, the actuator is illustrated as well.
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Fig. 2. Quarter car model with 2 DOF

From the basics of applied mechanics, the model might be created by utilization of Lagrange’s
equations of the motion of second kind (method of accelerating forces). The principle of this method is
the law of energy preservation with partial derivations of generalized coordinate (g). Thus, the
equation is created:

=0(1). (1)

i OEk 3 OEk N OEd N OEp
dt\ 0q 0q 09 Oq
where FEk — kinetic energy, J;

Ep — potential energy, J;

Ed — dissipative energy, J;

q — generalized coordinate, m;

0O(t) — generalized force, N.

After the adjustment, linear differential equations of the second order are obtained. Considering
the high number of DOF, the matrix notation is preferred:

M+ Bx+ Kx=Q(t), (2)

where M — matrix of weight;
B — matrix of damping;
K- matrix of stiffness;
X, X, x— column vector of acceleration, velocity and deflection;
Q(r) — vector of external excitation forces.

With utilization of university tools from Quanser and National Instruments- LabVIEW, Fig. 3 was
created. The comparison of amplitudes for the active and passive suspension is presented. Vertical red
line is marking the change from passive to active suspension. Simulated road input, dashed line, is the
same for both configurations; however, the amplitudes of sprung and unsprung masses (top plate and
middle plate) have changed significantly. In case of active suspension, sprung mass is almost
unaffected by the road input and the amplitude of unsprung mass is lower and damped faster. Semi-
active suspension would have amplitudes somewhere in between the mentioned systems. With these
tools, various control algorithms can be compared among each other, or with the active suspension.
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Fig. 3. Comparison between active- left side and passive-right side suspension

Effects of vibrations on a human body

An issue of effects of vibrations on a human body- performance, attention, physiological health
issues, is primarily dealt with in case of truck drivers, construction machinery operators, and many
more professional drivers. A general overview can be found in articles [9; 10]. In case of APC, the
driver is a very important person, however, the primal role of APC is to safely transport the given
numbers of infantry from/on battlefield. If the transport is heading for a battlefield, it is required that
infantry be in a good mental a physiological condition, without fatigue, temporary loss of attention and
other effects that can be caused by vibrations and can reduce combat readiness of the infantry. A graph
of zones with various effects of vibrations on an exposed human body, based on a weighted
acceleration and exposure hours is presented in Fig. 4 [11].

10
~ ealth Risks are LIKEL
‘\\
e
"
1] o
A
= R /
c ,
= (/:IUT/O/V \\
g, One - TS
2 i L/
[<T) i, .
8 R v \\
-
-U = . 1 + $ 1. b -'.‘n \
% Minimal Risk toHgalth [E‘
$ Lol o i _odsmp |
g w
| =
E 2 Fa
, e < =
U101 1 Exposure Duration 10 24
(Hours)

Fig. 4. Zones of possible health risks due to exposure of human body to vibrations

While travelling through the off-road conditions, the crew of the vehicle with passive suspension
might be exposed to high doses of vibrations, which might cause the previously stated problems. With
respect to dependability of the system and drawbacks of the active suspension, SAS might suit better
for APC.
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Conclusions

Full car mathematical models, even for 6x6 or 8x8 configurations, are not breaking news.
However, oriented on the high amount of relevant input variables, the number of publications is lower.
Moreover, in the case of the Czech Armed Forces, a very interesting vehicle is utilized as APC — 8x8
PANDUR II. The suspension consists of combined suspension designs, 2 front steered axles with a
modified double wishbone suspension and 2 rear axles with a trailing-arm suspension, sprung by
torsion bars. Therefore, a full mathematical model will be interesting and will offer a lot of
possibilities for SAS control algorithms and even the active suspension might be tried. Multibody
software (MBS) by MSC (Adams) will be utilized for verification, along with experimental measures
on the vehicle. A proper model of the vehicle is the key to successful implementation of various
control algorithms. As the proper model is considered a model with approximately the same measured
data for the experiment and mathematical model, where a subtle divergence, adjusted in advance, is
allowed.
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