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Model of a mechatronic module of the ankle exoskeleton
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Creation of special load transfer devices when a person carries a load through an external frame, namely, the exoskeleton, is a dy-
namically developing trend. The anatomical characteristics of the human body and the design of the mechanical device, form a biome-
chanical system. Therefore, the complexity of creating an exoskeleton, in addition to the design features, is related to the synchroniza-
tion of the subsystems: mechanical, drive, and electronic. Various structures for constructing such systems are known. However, not all
functions of the known devices are performed efficiently. The paper considers a model of a mechatronic module for controlling an ankle
Jjoint of the exoskeleton. The mechanical system is represented by a cylindrical frame, inside which there are compression and extension
springs, a screw-nut transmission, by means of which the springs and a set of structural elements are moved. The movement is provided
by means of a valve motor and a speed regulator based on the proportional integral regulation scheme. Three types of sensors are used
in the system for qualitative control. An accelerometer, which controls the beginning and the process of exoskeleton movement in space.
A force-moment sensor installed in the sole of the exoskeleton orthosis gives information about the contact of the orthosis with the
movement surface, and a position sensor evaluates the location of the nut. The control is performed with the help of a microcontroller.
The computational relationships of the mechanical system and the technique for tuning the speed controller to the modular optimum are
given. Simulation in the Matlab environment with the use of Simulink and Sim Power System packages is performed. The structure and
graphs of the model as a whole and its individual elements are given. The simulation of the mechatronic system according to the given
structure confirms the correctness of the adopted solution and the efficiency of operation.

Keywords: exoskeleton, electromechanical system, actuators, interconnection, fuzzy controller.
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Cos0aHue cneyuanbHblx YCmpoucme nepeoadu HazpysKu npu nepeHoce Yelo8eKom epy3d yepes 6HeulHUll Kapkac, 5K30cKenem, —
OUHAMUYHO paszeusaloujeecsi Hanpagienue. AHamomuieckue XapaKmepucmuKu 4eli08e4ecko20 mend U KOHCMPYKYUs MeXaHu4ecko2o
yempoticmea o6pazyiom duomexanuueckyio cucmemy. Ilosmomy crodcnocms co30amus dK30CKenemd, Kpome KOHCMPYKMUGHBIX 0CO-
benHocmell, Cé33aHA ¢ CUHXPOHU3AYUel NOOCUCTEM — MEXAHUYECKOU, NPUGOOHOU U dNIeKMPOHHOU. M36ecmHbl pa3iuuHble CmpyKmypol
NOCMPOeHUs. MAKUX cucmem, 0OHAKO He 6ce (YYHKYUU UZBECMHBIX YCMPOUCME 8bINOAHAIOMCA d(pekmusHo. B cmamve paccmampusa-
emes MoOelb MEeXAMpPOHHO20 MOOYIS YNPAGILEHUs IK30CKENemOM 20IeHOCMONH020 cycmasd. Mexanuveckas cucmema npedcmagiend
YUTUHOPUHECKUM KAPKACOM, BHYMPU KOMOPO20 YCHAHOBNIEHbL NPYICUHBL COHCAMUSL U PACMANCEHUS, Nepedaia «BUHM — 2atiKay, ¢ NOMO-
WHi0 KOMOPOU OCYWECMBIAIMCA NepeMeujeHue NPYICUH U HAOOp KOHCMPYKMUBHbIX d1eMeHmos. [lepemewjenue obecneuusaemcs c
NOMOWbIO BEHMUILHO20 OBUSAMENS U PE2YIAMOPA CKOPOCU, NOCMPOEHHO20 NO CXeMe NPONOPYUOHATILHO UHIMESPATbHOZ0 Pe2yIupo8a-
Hus. [na KauecmeeHHo20 ynpasieHus 6 cucmeme UCNOab3yIomes, mpu 6Uoa 0amuuKos. aKceiepomMemp KOHmpOIupyem Haudanio u npo-
yecc O8UdNCEHUS IK30CKeNemMA 6 NPOCMPAHCMEe,; CUTOMOMENMHbII OAMUUK, YCMAHOBNIEHHbI 6 NO0oWEe opmesa IK30CKelemd, oaem
unghopmayuio 0 KOHMaxme opmesa ¢ NOBEPXHOCMbIO NepemMewyeris; OamuUK NON0AHCEHUS OYeHUBAem MeCMONON0ACeHUe 2atiKu. Ynpas-
JleHue OCyuecmeaemes ¢ UCNOIb308aAHUeM MUKPOKOHmpoaepa. TIpusedensvt pacuemmnsie COOMHOUEHUS MEXAHUYECKOU CUCTEMbL U
MemoouKa HacmpouKu pe2yismopa CKOpoCmu Ha MOOYIbHbIl onmumym. Beinonneno modeauposanue 6 cpede Matlab ¢ ucnonvzosanu-
em naxemos Simulink u Sim Power System. Ilpusedenvi cmpykmypa u epaguxu padomel MoOeau 8 yeiom U OMoenbHbIX ee I1eMeHMO8.
Buvinonnennoe mooenuposanue MexampoHHOU CUCIEMbL N0 NPUBEOEHHO CIMPYKmMype noomeepicoaen nPpasuibHOCHb NPUHAMO20 pe-
weHus u dghhekmusHoOCms QYHKYUOHUPOBAHUSL.

KiioueBble ciioBa: OK30CKEJICT, DJICKTPOMEXaHUYECKasd CUCTEMA, IPUBO, MexaT‘pOHHbIﬁ MOAYJb; JaTYUKH.
Introduction. The changes currently taking place in the  create effective approaches and means to improve the envi-

social environment, where human health is becoming a  ronment. It becomes important to develop technical means
priority, require the manufacturer of goods and services to  that provide comfortable living conditions in the event of
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critical situations with human health [1-3]. One of the di-
rections in industry and medicine is the development of
exoskeletons that help a person compensate for the de-
crease in muscle strength during heavy physical exertion or
injury [4-5].

Exoskeletons can be divided into four categories: for
the back, for the legs, for the knee joint and for the hands.
Each of the exoskeleton types can be used independently or
be part of a design consisting of several types of exoskele-
tons. Exoskeletons provide a reduction in the load on dif-
ferent types of muscles in the workplace, which allows
workers to perform various tasks. Move and fix relatively
large parts, work with a mobile tool [6—8]. The listed exo-
skeletons can be used in production for a wide range of
technological operations [9]. In medicine, exoskeletons are
used for the rehabilitation of people with various diseases
or injuries [10-11]. In sports, exoskeletons contribute to the
formation of loads on various muscle groups [12]. The vast
majority of exoskeletons are passive [13—15]. They have
limited ability to control the transfer of force in the form of
any function of changing the displacement [16—20]. Most
passive exoskeletons using springs only partially provide
unloading. In this case, muscle strength is used to stretch
the spring. In many cases, it is required to completely un-
load the muscles. At present, much attention is paid to the
development of active exoskeletons.

The aim of the research is to create a model of the
mechatronic system of the ankle joint exoskeleton and to
study the simulation model of movement using the exo-
skeleton. Consider an exoskeleton for the ankle joint built
on the basis of a mechatronic module.

Mechatronic module. The block diagram of the mech-
atronic module is shown in Fig. 1. The frame of the lower
limbs of the exoskeleton is structurally similar to the or-
ganoleptic features of the structure of the human body. The
frame is a hollow cylinder, inside of which two springs are
placed, with the help of which the movement is carried out.
One of the springs works in tension and is located in the
lower part of the cylinder, and the second in compression,
installed in the upper part of the cylinder. A pair of screw-
nut is installed between the springs, with the help of which
the springs are moved. The springs are fixed on a rod con-
nected to the platform on which the ankle support is at-
tached. The mechatronic system and platform are attached
to the orthosis. To move the nut, a brushless motor is used,
which rotates the lead screw. Springs are attached to the
nut, and when the nut moves, the springs are stretched and
compressed. The speed of movement of the nut is carried
out using a valve motor. The motor speed is controlled by a
single-loop control system with a PI speed controller.

Mechanical system

Source o
power PWM || Power
supply generator converter
Pl M
controller icroprocessor

Fig. 1. Structural diagram of the mechatronic module

Process sensors are used to generate control signals for
the module operation. The start of movement is controlled
by an acceleration sensor installed at the top of the mecha-
nism. The control of the interaction of the foot relative to
the surface of movement is carried out by sensors of the
force contact installed on the platform. The displacement is
measured using a sensor, which is a linear potentiometer
connected to the moving nut. The information coming from
the sensors is processed by the microprocessor, which
forms the speed value and the direction of movement. As a
result of calculations of the mechanical system, the follow-
ing data were obtained. Geometric parameters: spring di-
ameter 20 mm, length 90 mm, lead screw length 100 mm,
screw pitch 12 mm. Power parameters: elasticity 47.98 N
for the compression spring and 70.21 N for the extension
spring. The linear speed of movement is 0.1 m/s, the execu-
tion time of one step is 1.1 s. Let's select the engine and
build the structure of the model. Choosing a non-contact
DC motor (BDPT). The absence of a collector assembly
greatly increases the reliability of operation and durability
of use. The motor has the following main parameters: U, =
24V @ = 418,67 rad/s, M = 0,06113 Nm, Inax = 5,4 A, R =
1,8 Om, L,=2,6 10° GN, J = 0,0000024 Kg m2.
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Calculation of drive parameters. When synthesizing a
speed controller, one has to simplify the mathematical de-
scription, replacing it with an equivalent DC motor. In this
case, the equations that describe the BDPT will look like
this:

u=R(Is+1)i+ p @n Dy,
M = pmDo/2i,
sS@m = (M — Mr) J,
SO0 = O,

Where u, i — motor voltage and current R, L, T, J, p @y
— motor parameters, m = 3 — number of phases.

We calculate the parameters of the motor model accord-
ing to the following relations:

ki = 1/R,, — motor factor,

kn=pm®y/2 — structural mechanical constant;
k2=pm®y/2J — rotor inertia

ke = p®@g — structural electrical constant

and summarize the data in table 1.
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Table 1. Calculated parameters of the model

K K> K KEe Ta J T: T2
1/0Om 1/Ams? Nm/A Vs s Kgm? s S
0,27 1522,8 0,0345 0,0366 0.0014 0.0000024 0.07 0,0012

These parameters are entered into the fields of the
BLDT settings window when building the model.

In accordance with the equations in Fig. 2, the structure
of the PMDC is shown. This structure is similar to the DPT
structure.

The control transfer function can be represented as fol-
lows:

1
_ o) _ kg
W(S) - - Ty 2 1 i
Uqa(s) k 52 4————5 +1
1k2kE kikakg
1 k
where k; = —, k, = =

Rq ]

We calculate the time constants by finding the roots of
the characteristic equation:

S12=1/T, £ 1/T, J1 = ATk, k ky,
T1= — ]/S[, T2= — ]/Sz

The calculated values of the time constants are shown
in table 1.

v M,
1pm®y2
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Fig. 2. Non-contact motor: @ — model; b — graph of the tran-
sient process

Table 2. Blocks used in drive model

Substituting the parameters from table 1 into the model
and performing the simulation, we obtain a transient re-
sponse. For comparison, the graph shows the transient re-
sponse of a DC motor with the same parameters as for a
non-contact DC motor. The steady value of the speed for
both drives is the same, which makes it possible to use both
models with equal success.

Calculation of the speed controller. The control trans-
fer function can be represented as follows:

W(s) =29 = ke

Ug(s)  (Tys+1)(Tp s+1)°

Since the object is an aperiodic link with a transfer
function for control:

Ws) = kpc

Tpcs+ 1

then a proportional-integral (PI) controller should be used.

The transfer function of the controller has the form:
_ (T2 s+)kp

W(s) = s
In this case, the transfer function of an open system will
be equal to:
1
/e

(Ty s + Dky kg kpp _
T, s (Tys+1D)(Tys+1)

__ kp ksrkgp/kE
(T1 S+1)Ty s

W(s) =

The optimal modulus in such a system is achieved
when:

Tr ke / kn kpkﬂ;=2T1,

where are the transfer coefficients of the proportional and
integral parts of the regulator.

kp=T2kE/2T1 kn kfb’: 0,013
ku=tky/ T>. = 10,83

Let's build a model using the Simulink and SimPow-
erSystem software packages of the Matlab software envi-
ronment. The peculiarity of the SimPowerSystem package
is that it allows you to build a virtual model that is closest
to the technical implementation. The model diagram
(Fig. 3) includes a PMDC motor model, a power converter,
switching circuits and a PI speed controller. Information
about the main blocks of the model is given in table. 2.
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Stator phase resistance Rs (Ohm): 1.8

Stator phase inductance Ls (H) 2683

T Machine constant

A :fl\ Specify: Flux linkage established by magnets (V.5)
{ IN -
B —:g)m Flux linkage: 0.014
C
Back EMF flat area (degrees): 120
Permanent Magnet
Synchronous Machine

BDPT motor model

I

Inertia, viscous damping, pole pairs, static friction [ J(kg.m*2) F(N.m.s)
Initial conditions [ wm{rad/s) thetami(deg) ia,ib(A) ]: [0,0,0,0]

Parameters

Number of bridge arms: 3

Snubber resistance Rs (Ohms)

gpa—
_d. 1e5
Ap—
Power Converter Model b Snubber capacitance Cs (F)
—4- inf
ch—

Power Electronic device IGBT / Diodes
Ron (Chms)
le-3

Universal Bridge

This medule implements the following frue table

ha | hb | hc || emfa | emfb | emfc

Decoder 0 ] 0 0 0 0
Switching circuit model 0 0 1 0 -1 +1
(decoder) —temf_abc Hall ff— 0 1 0 K| + 0
0 1 1 -1 0 +
1 0 0 0 -1
1 [ -1 0
1 10 0 +1 -
1 1 1 0 0 0
This module implements the folawing true table
emfa |emfb |emic | @ | G2 | C3 |04 ) 05| 06
Gates 00 ©o 0 o0 0 0 0 0
Switching circuit model ] -1 +1 0o ] 11 0
(setter) — Gates emf _abc — 4 # 0 D 1 1 00 0
-1 1] +1 ] 1 0 0 1 {0
+ 0 -1 1 | 0 0 0 i
+1 -1 0 1 0 0 1 0 0
] +1 -1 ] 0 1 o 0 1
0 0 0 0 ] 0 a o 0
Parameters
Integral
15
Model PI i R B Proportional:
speed controller Spoed 013
requlator

Minimum and maximum outputs:

[-500, 500]

The regulator parameters correspond to the calculated  with the time constraints for the execution time of one step
values. equal to 1. 1s. The value of the set speed value exactly cor-
The simulation results are shown in Fig. 4. The transi- responds to the passport value of 4 000 rpm. (Fig. 4, a).
tion process time is 0.08 s, which is in good agreement The same results were obtained for the current in phase SA
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(upper graph in Fig. 4, b) and electromotive force 24 V
(lower graph). The torque load, according to the passport

Rotor speed (rpm)

T T T
4000
3000 1
2000 1
1000 i .

0 ,
1 | | |
0 005 0.1 0.15 02
a

values, leads to a speed drop within the specified limits.

Stator current ia
T T

(=]
T
I

Electromotive force ea
.

0.002 0.094 0.096

Fig. 4. Drive simulation results: a — transient; b — current and voltage in phase

AThe current and voltage in phases B and C are similar
to phase A. The drive provides a linear travel speed equal
to: V= pw= 0.8 m/s, which is slightly higher than the spec-

ified one. If necessary, this figure can be reduced by reduc-
ing the lead screw pitch.

Elements used in building a virtual model and settings
are shown in table 2.

Gates Decoder

Discrete
5e-06 s.

Gates emf_abc

Hall

emf_abc

powergui

. T <Stator current is_a (A)> d
.—| "1
- »

is_ae_a

]

<Stator back EMF e_a (V)>

>

<Rotor speed Wm (rad/s)>

L o

Reference ‘ Speed

speed (RPM) regulator

rad2rpm

<Electromagngtic torque Te (N*m)>

Fig. 3. Drive model

To simulate the algorithm for controlling the operation
of the exoskeleton, it is necessary to integrate process sen-
sors into the considered drive to generate control signals.
There are three such sensors. The acceleration sensor de-
termines the start of movement of the ankle exoskeleton.
Force-torque sensor of the original design controls the con-
tact of the foot with the moving surface. Position sensor,
which determines the position of the screw-nut transmis-
sion nut.

The acceleration sensor is emulated with a sinusoidal
signal. Indeed, with a uniform motion of the object, the real
accelerometer signal is represented by a sinusoidal signal.
However, in real conditions, the waveform is different from
sinusoidal. This also applies to the torque sensor signal. For
them, the amplitude and frequency are set commensurate

with the pace of human movement. The displacement sen-
sor signal is represented by a linear characteristic.

The simulation model of the system is shown in Fig. 5.
In this case, to simplify the simulation procedure, the drive
is presented as a DC drive model with the same parameters
as in the model in Fig. 3.

In the figure, a drive containing a motor, a power con-
verter (PWM) and a PI speed controller (PI speed control-
ler) is highlighted in dark. Light background highlights
sensor emulators: force (force sensor), acceleration (accel-
erometer) and position (position sensor). The sensor signals
control the keys, which, upon reaching the set position,
connect the speed reference signal, and the speed signal is
transmitted at the moment when the signal level from the
torque sensor decreases and Keyl1 is turned on.
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key1 Pl speed PWM Cm2
’—> 1 - controller Ce
»2 m.
‘ Force sensor Forcesensor Kds \\r
(I — o |« ;
[ E— \\‘-r

PositioningSensor

Fig. 5. Simulation model of the mechatronic module

The process begins with emulating the signal from the
accelerometer and waiting for the signal from the torque
sensor installed in the foot. The signal has a maximum val-
ue and decreases as the ankle rises. As soon as the signal
level from this sensor decreases to a certain value, the key
is activated, allowing the passage of the speed reference
signal to the drive. At this point in time, the springs are
deformed, helping to unload the muscles of the leg. The
position of the deformable springs is controlled by a third
sensor. After the transfer of the ankle, the latter is lowered
and at this time the sign of the speed reference changes and

the force-torque sensor is expected to operate. In studies,
the drives are synchronized by introducing a delay in the
control signal to one of the drives. The best solution in
practical implementation will be the implementation of
mutual control of drives. During the simulation, synchroni-
zation is carried out by a delay element for a time equal to
the movement of one leg. The simulation used two identi-
cal models running in parallel.

Graphs simulating the steps of both legs are shown in
Fig. 6.

PasitioningSensor /2
- PositioningSensor 1/2 | |
speed
- - speed1

1

Time

Fig. 6. Graph s

The graph shows changes in speed and movement in the
drives of exoskeletons of both legs.

Conclusion. Modeling showed the fundamental possi-
bility of constructing a mechatronic control module for the
ankle joint exoskeleton. The given design parameters and a
virtual drive model using a non-contact DC motor showed
accurate results. Based on the data obtained, it is possible
to implement the drive circuit without any changes. The
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