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Master-Slave Electric Cart Control System for
Maintaining/Improving Physical Strength
Jin-Hua She, Member, IEEE, Yasuhiro Ohyama, Member, IEEE, and Hiroyuki Kobayashi

Abstract— This paper explains the development of a new-
concept three-wheeled electric cart that not only is a means of
transportation, but also provides the driver with a way of getting
some physical exercise.

Based on an investigation of the physiological decline accom-
panying aging, pedaling was chosen to implement the function
of maintaining or improving physical strength; and an ergonom-
ically designed pedal unit was mounted on a cart. An interface
board that handles inputs and outputs was assembled to simplify
the design of the system. Finally, an impedance model was devised
to describe the feeling of pushing the pedals, and a bilateral
master-slave �� control system was built to control the speed of
the cart. Experimental results on a prototype cart demonstrate
the effectiveness of pedaling and the usability of the system
architecture.

Index Terms— Electric cart, aging, motor functions, pedaling,
bilateral master-slave system, cooperative man-machine system,
�� control.

I. INTRODUCTION

The number of elderly people in Japan is increasing at
an unprecedented rate. According to an annual report on
aging from the Cabinet Office of the Government of Japan
[1], the percentage of old people (over 65 years old) in the
population exceeded �� (aging society) in 1970 and ���
(aged society) in 1994, and reached ��� in 2003. As the
average life span of Japanese continues to increase, there
is a concomitant marked increase in the number of people
who are in fragile health due to age, suffer senile dementia,
or are bedridden. Since the medical treatment and care of
old people confined to bed is a particularly onerous burden
on financial and manpower resources, it is becoming a very
serious social problem. Accordingly, the health and welfare
of the elderly has become one of the main concerns of the
government, and policies dealing with an aging society and
their implementation have received considerable attention. In
particular, the last decade has seen a rapid rise in public
concern about how to establish an environment for the elderly
that will facilitate their maintaining and improving their health
to ensure a useful and productive old age (i.e., to ensure mental
and physical soundness); and a great deal of research and
development related to the health and welfare of the elderly
is now being carried out.

One part of this research focuses on electric carts, a great
variety of which have been developed to improve the ability
of old people to get around [2], [3]. However, designers have
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tended to take a rather short-sighted view by emphasizing
convenience and ease of use (the driver just has to push a
forward or backward button and steer) while neglecting long-
term health effects. That is: almost all commercially available
carts were designed solely as a means of transportation, and
no consideration was given to an elderly person’s need for
physical exercise. Unfortunately, a reliance on these carts for
getting around can ultimately result in the deterioration of the
user’s leg and back muscles, thus contributing to, rather than
helping to solve, the problem. Hence, it would be difficult to
say that currently available carts truly enhance the lifestyle of
the elderly by helping them to be more mobile and independent
because, in the long run, they simply hasten the descent into
a dependent state.

In this study, a new-concept three-wheeled electric cart
was developed. It not only is a means of transportation, but
also provides the driver with a way of getting some physical
exercise. For this purpose, two foot pedals are mounted on the
cart, and the load added to the pedals can be adjusted with
a speed-adjustment program to suit the physical condition of
the driver. So, not only does it help the elderly get around,
at the same time it also helps them maintain or improve
their physical condition in a natural and enjoyable way. This
actively prevents the degeneration of motor functions. As a
result, it has salutary effects on both the physiology and
psychology of the elderly, which is a benefit to the whole
society. This type of cart can thus make a very positive
contribution to the aged society.

The paper is organized as follows: Section 2 reviews mea-
sures for preventing muscular degeneration due to aging based
on an investigation of the physiological deterioration that
typically accompanies aging. Section 3 describes a prototype
of a new-concept electric cart that was designed based on
those results and ergonomics studies. Section 4 concerns the
configuration of a bilateral master-slave control system for
controlling the speed of the cart. The design of the controller
is based on �� control theory. The experimental results on
a fabricated cart in Section 5 demonstrate the validity and
effectiveness of the design method. Some concluding remarks
are made in Section 6.

II. MUSCULAR DEGENERATION DUE TO AGING AND ITS

PREVENTION

This section concerns an analysis of muscular degeneration
due to aging, and measures to prevent it.
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Fig. 1. Walking muscles.

A. Muscular Degeneration due to Aging

The human body changes with age. An analysis of the
relationship between muscle volume and aging revealed the
following: The muscle volume of the brachial-flexor group is
��� � ��� cm� for men and ��� � ��� cm� for women of
all ages, and seems to be little affected by aging. In contrast,
the muscle volume of the femoral-extensor group reaches a
maximum during a person’s twenties or thirties, and is about
���� cm� for men and ���� cm� for women. Subsequently,
the volume gradually decreases, and drops to about 	�� of
the peak value for people in their seventies [4], [5]. Clearly,
the decrease in muscle volume is more marked for lower than
for upper limbs. The major cause seems to be that the activity
of the arms does not decrease very much with age, whereas
people tend to become more sedentary in later life, which
causes the leg muscles to atrophy.

Walking is a basic action of daily life involving the use
of what are called the walking muscles: loin muscle (psoas),
gluteal muscle (gluteus maximus), front thigh muscle (quadri-
ceps femoris), hamstring muscle (biceps femoris), calf muscle
(soleus), shin muscle (tibialis anterior) and some others (Fig.
1). When a person walks, each leg moves through a cycle (Fig.
2) of alternating stance and swing phases [6]. In the stance
phase, the foot is in contact with the floor; the main muscles
employed are the gluteal, front thigh, and calf muscles. In the
swing phase, the foot is off the floor and moving forward; the
main muscles employed are the gluteal, hamstring, front thigh,
and shin muscles.

The loin, front thigh, calf, and shin muscles are the ones that
tend to weaken the most with aging. The leg cannot be lifted
if the loin, gluteal, and front thigh muscles are too weak; the
heel cannot be raised if the calf muscle is too weak; and the
toes cannot be raised if the shin muscle is too weak. Muscular
degeneration starts in a person’s forties and accelerates with
aging. For example, according to a study done in metropolitan
areas of Japan, the front thigh muscles of people in their
seventies are about 28% smaller, and their calf muscles are
about 23% smaller, than those of people in their twenties [4].

Muscle tissue contains two types of fibers: slow-twitch and
fast-twitch. Slow-twitch fibers provide stamina; while fast-
twitch fibers contract rapidly, providing quick power. Fast-
twitch fibers tend to atrophy more quickly during the aging
process.

One cycle

Right stance

Left stanceLeft swing

Right swing

Right heel strike Left heel strike Right heel strike

0% 50% 100%

Fig. 2. One cycle of leg movement during walking.

B. Prevention Measures

To prevent the degradation of motor functions, the walking
muscles that degenerate most rapidly (loin, front thigh, calf,
and shin muscles) need to be exercised. Moreover, some
thought needs to be given to the special needs of the elderly
[5], [7]. Aerobic endurance exercises, such as walking, jog-
ging, etc., train only slow-twitch fibers, and are not much
help in preventing the degeneration of fast-twitch fibers due
to aging. So, in addition to aerobic exercise, anaerobic ex-
ercise, which induces an excitatory state, is needed to arrest
the atrophy of fast-twitch fibers. This is why it is strongly
recommended that physical exercise for old people include
not only jogging or walking for a relatively long time to work
the slow-twitch fibers, but also some very short (dozens of
seconds) strengthening exercises to work the fast-twitch fibers.

From among the variety of activities available, our attention
was drawn to pedaling. When the pedal moves through the
downward half of the cycle, the front thigh, hamstring, and
calf muscles are worked; when it moves back up, the loin,
front thigh, and shin muscles are worked. So, pedaling would
seem to be almost the ideal exercise to work the muscles that
are liable to degenerate due to aging [8].

Based on these considerations, we decided to mount two
foot pedals on an electric cart to provide the driver with a
way of exercising the walking muscles.

III. DESIGN OF CART SYSTEM

This section describes the pedal design, how the pedal load
is generated, and the structure of the system.

A commercially available ready-made three-wheeled elec-
tric cart, the Everyday Type-S (Araco Corp., Japan; Cart
motor: 24 V, 330 W, DENSO Corp., Japan), was selected as
the foundation of the system.

A. Pedal Load and Pedal Installation

The two pedals are a commercially available model (JP-
350, 95 mm � 70 mm � 30 mm). Since we want to focus
on exercising the walking muscles, it is natural to consider
adding a load to the pedals, which is the amount of additional
resistance that the driver feels when the pedals are pushed.
There are two types of loads that can be produced: constant
and time-varying. A time-varying load, especially one that is
responsive to the road conditions, provides the driver with a
more enjoyable and more realistic driving experience, thereby
making exercise more bearable. That makes a time-varying
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Fig. 3. Pedal unit (pedals and pedal motor).

load more suitable. Furthermore, even though a mechanical
connection between the pedals and the drive wheels (as
on a bicycle) was deemed to be the most appropriate for
the system structure, an electrical connection was employed
because it provided greater potential for further development.
An electrical connection has the following advantages over a
mechanical one:

� Greater flexibility: Since the load is easy to adjust with a
program, it can readily be adapted to the state of health
of the driver and meet various needs.

� Greater design freedom: In addition to producing a load
for the driver, this type of connection can also provide
an assist if the need arises. This gives the designer much
more freedom.

� Better reliability: Since it does not have the problems
of lubrication, abrasion, and mechanical breakdown, the
reliability of the whole system is substantially higher.

The pedals are connected to a geared DC motor (24 V, 25 W,
Tsukasa Electric Co. Ltd., Japan), which generates the load;
and the pedals and motor constitute the pedal unit (Fig. 3).

Some physiological data on the elderly in Japan are shown
in Table I [9]. Except for “Height”, the items are for a seated
person (Fig. 4): “Hip-knee distance” is the distance from the
front of the kneecap to the rear of the hip; “Height of seat”
is the distance from the bottom of the foot to the hamstring;
and “Height of knee” is the distance from the bottom of the
foot to the top of the kneecap. The seat reference point is
the vertical projection of the rear of the hip onto the seat.
The table shows that the proper height of the seat is about
�� � �� cm. From the optimal pedaling region given by [10]
(Fig. 5) and the data in the table, we find that the region for
easy pedaling is about 	� � �� cm forward and �� � �� cm
below the seat reference point. The pedal unit was attached
to the cart using these figures as a starting point, and then
the position was adjusted based on the results of test rides.
In the final configuration, the seat was mounted 40 cm above
the base of the cart; and the pedal unit was mounted 13 cm
above the base and 80 cm in front of the seat reference point.
So, the vertical distance from the center of the pedal unit to
the seat is 27 cm. Table I and Fig. 5 show that this provides
optimal pedaling for a Japanese elderly of average height.

TABLE I

STATISTICS ON THE ELDERLY IN JAPAN.

Year 2000 2001
Height [cm] 154.3 155.0

Hip-knee distance [cm] 45.6 44.1
Height of seat [cm] 37.8 37.6
Height of knee [cm] 45.0 45.3
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Fig. 4. Definitions [9].

B. Interface Design

Two optical encoders measure the rotational angles of the
pedal and cart motors (8000 and 2400 pulses per revolution,
respectively). To keep the system configuration simple while
allowing easy implementation of various functions, we built an
interface board to handle all the inputs and outputs of the pedal
and cart motors (Fig. 6). To allow room for system expansion
and to enable the intelligent processing of information, the
board has a PIC microcontroller (PIC16C74, [11]), which con-
tains an 8-bit 20-MHz CPU, � 
��� bits of program memory,
192 bytes of data memory, 2 PWM modules, a synchronous se-
rial port (SSP), a universal synchronous-asynchronous receiver
transmitter (USART), serial communication ports, a parallel
slave port (PSP), a communication port, 8 input channels for
an 8-bit A/D module, and 5 I/O ports. In this study, the PIC
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Fig. 6. Interface board.

was programmed to implement the following functions:
� Two serial communication ports are used as two coun-

ters to collect information on rotational angle from the
optical encoders of the pedal and cart motors; and the
information is then sent to the computer (controller) over
parallel connections.

� The computer sends the control inputs for the pedal and
cart motors to the PIC over two parallel connections; and
the PIC converts them to analog voltages. The 2 PWM
modules function as 8-bit D/A converters.

These functions are implemented using PIC assembler lan-
guage. Finally, an operational amplifier, TA7272 [12], adjusts
the level of the control signals (�� � �� V) to that required
by the motor drives (��� � ��� V); and sends them to the
motor drives.

Since many of the resources of the PIC remain available
for the developer to use, a great variety of functions can be
implemented directly on the interface board. For example, the
control system could monitor the driver’s physical condition in
real time and adjust operation accordingly. So, the board pro-
vides the developer with great freedom in system development
and an environment for system integration.

An electric cart modified as described above is shown in
Fig. 7.

IV. CONFIGURATION AND DESIGN OF CONTROL SYSTEM

This section explains the configuration of the cart con-
trol system. After a model of the system is presented, an
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Fig. 7. Photograph of prototype electric cart.

impedance model is devised to describe the feeling of pushing
the pedals, and the control problem is formulated using the
�� control theory framework. An �� controller is obtained
using the linear matrix inequality (LMI) algorithm.

A. Configuration of Control System

When the cart is driven, pushing the pedals generates a
reference input for the cart; and the cart then moves and tracks
the input signal. Hence, the cart system is a kind of cooperative
man-machine system [13]–[15].

Regarding the structure of the cart control system, position,
speed or force can be selected as the controlled output. Since a
first-order plant is easy for people to operate in a cooperative
man-machine system [16], speed was selected in our case.
The system employs a master-slave configuration (e.g., [17])
to make the driving experience more realistic and to ease
the driver’s stress. When the driver pushes the pedals with
torque ���, the pedal motor (master) turns with rotational
speed ����. This is used as a reference speed for the cart
motor (slave), which drives the cart. The speed at which the
cart moves is proportional to the rotational speed, ����, of the
cart motor. The error between ���� and ���� is fed back to
the controller of the cart motor to generate a control input for
it so that the speed of the cart motor can track the speed of
the pedal motor.

In addition, to enable the driver to perform an appropriate
level of physical exercise, the pedal motor can be set to make
the pedals more difficult or easier to turn. And a bilateral
scheme (e.g., [18], [19]) is used that also feeds the error
between ���� and ���� back to the pedal motor, so that the
driver can feel the road conditions and obtain a more realistic
driving experience. The configuration of the bilateral master-
slave cart system is shown in Fig. 8.

In this system, the speed at which the pedals turn the pedal
motor is determined by the driver’s efforts, and constitutes a
reference input for the cart. The controller makes the speed of
the cart motor track that reference. So, the experience is very
similar to riding a bicycle.
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B. Modeling

The pedal and cart systems have the same structure (Fig.
9).

The master (pedals) is described by the following equation:
���
��

�����

��
� ������ ������� �������

�� � �
	�

�

� �� �
��

�

� �� �
�


�
�

(1)

Since it is difficult to determine �� in (1) precisely, a new
variable, � ��� �� �����, was introduced, which allows the
mathematical model of the master to be rewritten as (� �

� � �)

�����

��
� ������ ������� ���� �

���� (2)

The dynamics of the slave (cart) depend on the weight of the
driver. The electric cart was originally designed for a driver
weighing �� � ��� kg. This yields

��������
�������

�����

��
� �������� ����������
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	�

���

�� ��� � �������
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(3)

In (1)–(3),

���� (����): Voltage applied to the pedal (cart) motor
[V].


� (
���): Moment of inertia of the master (slave)
motor [�� ���].

	� (	�): Coefficient of viscous damping of the mas-
ter (slave) [�� ����].

�� (��): Voltage transfer factor of the master (slave)
motor driver [Nm/V].

Applied

voltage

Motor

driver

Motor Gear Inertial

load

Fig. 9. Structure of master/slave.

The experimentally obtained values of the parameters are:����
���

�� � ������ �� � �����
��� � ������ ��� � �����
� � �� ���
�� � ����� ��� � �� � �� ��	��� �

(4)

C. Formulation of Control Problem

Instead of the load on the pedals being transmitted me-
chanically by means of a chain, the pedal and cart motors
are connected electrically. The following impedance model
describes the feeling of pushing the pedals:

�����

��
� ������ ����

���� (5)

where �� and �� are constants that determine the feeling.
The system was set up with three sets of the parameters
���� ��� for three different modes of operation to suit the
driver’s physical condition:��
�
��������� ������� ����� � � � !�"#�#� ����$
��������� ������� ����� % � &�# !'( ����$
��������� ������� ����� ) � ���*� �� �����

(6)
We formulate the design problem for the controller using a

common �� control formulation. The exogenous input signal
is +� �� �� �� ��� �����

� , where ���� is the output signal of
the uncertainty ��� (Fig. 10), and the controlled outputs are:

1) the weighted speed error between the impedance model
and the pedals, ����;

2) the weighted speed error between the pedals and the
wheels, �����;

3) the input signal of the uncertainty ���, ����;
4) the weighted acceleration of the cart, �	���, in order to

take riding comfort into account; and
5) the weighted voltages applied to the pedal and cart

motors, �
��� and �
���, in order to keep them at
a low level.

The block diagram used for the design of the cart control
system is shown in Fig. 10. Now, the design problem for the
controller can be stated as follows:
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Find a controller ��� such that

1) the cart control system is internally stable, and
2) the �� norm of the transfer function from +� �� to

��� �� ����� ����� ���� �	��� �
��� �
����
� ,

���� ��, is less than 1, i.e., ����� ���� � �.

D. �� Controller

To satisfy conditions (1) and (2) and to obtain an ��

controller that provides the desired performance, the following
weighting transfer functions are used [20]–[22] in the design
of the �� controller:���������
��������
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(7)

where ��� � � ���� ����� is abbreviated to ��� ��
� �
� �

�
. In order to suppress the tracking error between

���� and ���� and that between ���� and ���� in the
steady state, low-pass weighting functions were chosen for
����� and ����. To suppress the applied control voltages,
���� and ����, to the pedal and cart motors during the
transient response, high-pass weighting functions were chosen
for �
��� and �
���.

Ride comfort is also a very important criterion in evaluating
control. The limits on the vibrations to which an operator
should be exposed are given in [23], [24]. Since the cart is
designed to be used mainly on paved sidewalks, the effect
of whole-body vibration in the fore-and-aft direction on ride
comfort is taken into account. Fig. 11 shows the limits for
this type of vibration [23], [24]. A direct calculation shows
that the curves in Fig. 11 can be approximated by the transfer
function �����	
�� � ������������, where � is a constant
decided by the duration of exposure. Hence, the weighting
function for evaluating ride comfort has the form � ��� �
,����������� �, where ,� is a gain factor used to adjust the
weighting function. ,� was tuned through trial and error, and
was finally set to ����. Bode plots of the weighting transfer
functions are shown in Fig. 12.
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In order to relax the solvable condition and obtain a satis-
factory �� controller, a disturbance, ����, was added to the
measurement output channel. Finally, the generalized plant is
given by�

� -���
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Clearly,

� ����� is stabilizable and ���� � is detectable;
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� ��� has full column rank and ��� has full row rank;

�

�
�� �� ��

�� ���

�
has full column rank for all �; and

�

�
�� �� ��

�� ���

�
has full raw rank for all �.

So, it is a standard�� control problem, and an�� controller
is easily obtained using existing �� solvers [25], [26]. In this
study, we used the LMI approach to design a controller. It is
known that an �� controller guaranteeing that �������� �
� (����� is the transfer function from ��� to ���) exists if
and only if � �� � [27]–[29], where
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���� ��
����� � 

�
�

The �� synthesis problem was solved with the solver
hinflmi in the LMI Toolbox [26].

Remark 1: The disturbance ���� is not needed when the
LMI approach is used to solve the �� control problem.
However, a comparison of the results for the designed control
system with and without ���� revealed that, in our system,
the controller obtained with ���� suppressed uncomfortable
vibrations in the frequency band to which human beings are
sensitive more than the one without ����. Thus, we kept ����
in our design.

V. EXPERIMENTS

The effectiveness of pedaling as a way of maintaining
or improving physical strength, the usability of the system
architecture, and the validity of the designed �� controller
were verified through experiments. A Libretto 50 notebook
computer (CPU: 75-MHz Pentium; Memory: 16 MB; Toshiba)
was used for the controller. Since the control information is
handled by the interface board, the implementation of the
controllers is very simple. Even a low-performance computer,
such as that used in the experimental system, is sufficient
to control the system. This demonstrates the rationality of
the system configuration. In fact, since the interface board
can be programmed to perform various functions for system
integration and since many resources on the board remain
available for further development, the board can be used not
only to handle the inputs and outputs intelligently but also to
monitor and supervise the driver’s physical condition.

Each of the three impedance modes (A, B, C) (6) was tested
under three road conditions: flat road, �Æ uphill slope, and �Æ

downhill slope for a driver weight range of �� � �� kg.
Typical experimental results are shown in Figs. 13–15 for a

driver weighing 63 kg. Figure 13 is for a flat road. In this case,

(a) Mode A (Strenuous Mode)..

(b) Mode B (Neutral Mode).

(c) Mode C (Assisted Mode).
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Fig. 13. Experimental results for flat road.
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(a) Mode A (Strenuous Mode).

(b) Mode B (Neutral Mode).

(c) Mode C (Assisted Mode).
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Fig. 14. Experimental results for uphill slope.

(a) Mode A (Strenuous Mode).

(b) Mode B (Neutral Mode).

(c) Mode C (Assisted Mode).
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Fig. 15. Experimental results for downhill slope.
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TABLE II

AVERAGE INPUT VOLTAGES DURING THE PERIOD 15-25 S.

Strenuous Mode Neutral Mode Assisted Mode
Flat ������ ������ �����

Uphill ������ ������ �����

Downhill �����	 ����� �����

during the steady state (the period ��� �� �� ��), the average
input voltages to the cart produced by the �� controller were
����	� V, ������ V, and ����� V for Modes A, B, and C,
respectively. The negative value for Mode A means that an
extra load was produced for the driver, making the pedals more
difficult to turn. Note that a relatively large load was produced
in the transient response for a few seconds. It is helpful to
provide the driver with anaerobic exercise to ensure that both
fast- and slow-twitch fibers are exercised in a balanced way.
On the other hand, Mode B produced virtually no load because
the average input voltage was almost zero. And the positive
value for Mode C means that the driver was assisted. The 2-
Hz oscillation in the speed of the pedals is due to the driver’s
pushing the pedals.

The results for the uphill slope are shown in Fig. 14.
The average voltages during the steady state (the period
��� �� �� ��) were ������ V, ������ V, and ���		 V for
Modes A, B, and C, respectively. While the Neutral Mode
(Mode B) guaranteed that the voltage input to the pedal motor
remained at a very low level, Modes A and C provided a larger
extra load or more assistance to the driver than those for the
flat road. This reflected the actual road conditions and gave
the driver more of a feeling of really driving, thus providing
more sensory stimulation.

The results for the downhill slope are shown in Fig. 15.
The average voltages during the steady state (the period
��� �� �� ��) were ������ V, ����� V, and ����� V for Modes
A, B, and C, respectively. Note that, in this case, while the
voltage input to the cart in the Neutral Mode (Mode B) still
remained at a very low level, Modes A and C provided a
smaller extra load or less assistance to the driver than those
for the flat road. Thus, the system is responsive to the road
conditions.

The average input voltages for the various conditions and
modes during the steady state (15-25 s) are listed in Table II.

VI. CONCLUSIONS

A new type of three-wheeled electric cart has been de-
veloped to maintain or improve the physical strength of the
elderly. It features an ergonomically designed pedal unit that
provides exercise for the muscles of the lower limbs, which
tend to degenerate most rapidly due to aging. An electrical
rather than a mechanical connection is employed between the
pedals and the drive wheels to enhance flexibility. An interface
board was assembled to intelligently handle the inputs and
outputs of the system and to lighten the burden on the
control computer. The board includes a PIC microcontroller
that allows the system to be augmented with a great variety
of functions. An impedance model is used to describe the
feeling of pushing the pedals; and a bilateral master-slave

control system based on that model was built to control the
speed of the cart. So, unlike most of the electric carts that
are currently available, this one not only is a vehicle, but
also provides the driver with physical exercise. The controller
was designed using �� control theory. The effectiveness of
the cart and the system architecture, and the validity of the
designed �� controller were tested under various load and
road conditions. Experimental results show that this system
configuration is very rational and that the cart is useful for
providing an appropriate level of physical exercise. A final
point is that this electric cart is also beneficial for people
undergoing rehabilitation.
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