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Abstract. The paper proposes a feedback force and velocity control of an arm exoskeleton to
assist user motion. The original published control so-called feedback hybrid force and position
control was based on the force and position control and was designed to assist user motion. This
original control was successful at providing assist for the user’s arm. This article presents an
improved control scheme called the feedback force and velocity control. The proposed control is
designed to regulate the velocities of joints of the exoskeleton and the feedback forces on links to
assist user motion. The design and optimization of the feedback force and velocity control are
realized by the Balancing Composite Motion Optimization (BCMO). The numerical method is
realized in the paper to show that the proposed control is better than the original control in terms
of less oscillation and fast response.

Keywords: arm exoskeleton, feedback force control, velocity control, optimal, modelling,
simulation.

1. Introduction

The paper proposes an arm exoskeleton that can be worn on the human arm, can operate under
the control of the user to move in the vertical direction Oz and horizontal direction Ox, Oy and
has the ability to provide forces to assist the user motion. We use force sensors in the exoskeleton
robot for sensing the feedback forces, and we use actuators for actuating joints. The overviews of
the arm exoskeleton robots were introduced in [1-4], and the force control method was developed
in [5-9]. The force control is generalized to regulate the feedback force in [10], [11], and [18].
Recently the feedback hybrid force and position control method for assisting the user motion has
been published in [12]. Although the force control was successful at controlling all the feedback
forces on links, it contained many oscillations and errors. In the other force control design [6],
there was a velocity regulator for regulating the angular velocities of joints. The velocities of joints
were regulated base on the measured feedback forces. This velocity regulator achieved the desired
performances in terms of fast response and less oscillation. In this paper, a feedback force and
velocity control is proposed to regulate the velocities of joints of the exoskeleton and the feedback
forces on links. The proposed control aims to improve the original control in terms of fast response
and less oscillation. A scenario is proposed with two phases [11], [12].

— Phase 1: the user actively exerts forces to signal the arm exoskeleton to generate desired
velocities.

— Phase 2: the arm exoskeleton regulates the actuators at joints of the arm exoskeleton to assist
the user motion.

The arm exoskeleton makes the following steps: The angles and angular velocities of the joints
are ultilized to generalize the desired feedback forces on links while the feedback interaction
forces on links are exploited to generalize the desired velocities of links. For assisting the user
motion with desired velocities, the proposed arm exoskeleton actuates joints to regulate the
feedback forces on the links and the velocities of joints.
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The feedback force and velocity control is optimized by using the BCMO [14]. The numerical
simulation is realized to show that the proposed arm exoskeleton has achieved the desired
performances in terms of less oscillation and fast response.

2. Arm exoskeleton design

An arm exoskeleton is modelled in the Fig. 1. The arm exoskeleton possesses four joints 6,
6,, 85, 9, including two joints at the shoulder 8, 6,, a joint at the elbow 65, and a joint at the
wrist 8,. It has four links a,, a,, a3, a, including two shoulder links a,, a,, one elbow link a;
and one wrist link a,. The masses of four links 1, 2, 3, 4 are represented by m,, m,, ms, my,
respectively. The feedback forces between user and the exoskeleton on the links are Fy, F,, Fs, F,.
The distance between the vector of forces F;, F,, F5, F, on the links and the center lines of joints
are ly, [, I3, l,. The arm exoskeleton possesses four controlled torques uy,, Up,, Up,, Uy, at
fours joints. The torques at revoluted joints are actuated by the servo motors to support the user.
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W \

Fig. 1. A model of a 4-DOF arm exoskeleton and user

04

The Denavite-Hartenberge (D-H) table is provided in Table 1.

Table 1. The D-H table

Link | a a d %
1-1 0 T 0| 6;+ z
- 2 t72
1-2 0 0 a; 0
2 0 6, —=
az 275
3 as 0 R
T
4-1 | a, | — 5 0 0,
4-2 0 0 0 _z
2

From the D-H table, the individual homogeneous transformation matrices are obtained by
Eq. (1), [15]:

Aﬁ‘l = Rot(z,0,)Trans(0,0,d;)Rot(x, a;)Trans(a;, 0,0)
cosf; —sinf;cosa; sinf;sina; a;cos0;

_|sinB;  cosB;cosa; —cosf;sina; a;sinf; (1)
0 sing; cosa; d;, |
0 0 0, 1

The homogeneous transformation matrix of the end effector is calculated as follows:
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AY = A9A3A%A3. )
3. Feedback force and velocity control

The arm exoskeleton is controlled by the Eq. (3) [6], [12], [16]. The torques at revoluted joints
are actuated by the servo motors and the user:

M@O) + C(6,w) +G(6) + D(w) =uy + uy, 3)

2
Where’ 0 = [91 92 93 94]T (rad); w = % = [(1)1 Wy W3 w4]T (rad/s); 'f = ZTS =

[ & & &]7 (rad/s?); uy = [Um; Um, UMz Um,]T (Nm) is the vector of torques
exerted by the servo motors ; uy = [Un;  Um, Un; Um,]T (Nm) is the vector of torques exerted
by the user.

The details of matrices in the Eq. (3) are provided in the appendix. The joint damping of joint
i is expressed as follows [17], [18]:

Di(wi) = bi(lJi, (l = 1, 2,3,4), (4)

where, b; are coefficients of damping of jointi (i =1, 2, 3, 4).

The force control in Eq. (3) contains two phases:

Phase 1: The user actively exert forces to signal the exoskeleton robot to generate the desired
velocities.

Phase 2: The arm exoskeleton is actuated to assist the user motion. The feedback force and
velocity controller contains two parts. The first part of the control is the force control which
controls the feedback interaction forces on the links to track the desired feedback forces on the
links. The second part of the control is the velocity control which controls the feedback velocities
of joints to track the desired angular velocities of joints.

Generate desired ARM .
feedback forces on EXOSKELETON Assist
links

Generate desired
velocities of joints

Fig. 2. Block diagram of the feedback force and velocity control

The block diagram of the feedback force and velocity control is explained in Fig. 2. In phase 1,
the user exerts forces to signal the arm exoskeleton to generate the desired velocities. In phase 2,
the desired feedback forces on the links are generated in Eq. (8). The desired angular velocities of
the joints are based on Eq. (12).

The feedback forces on the links 1, 2, 3, 4 can be measured in reality. In numerical method,
the user’s forces exerted on the links are modeled in the Egs. (5), (6):

nFi
Fy, = —Fmaxi (N),

/1+n§i

)
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(edsl )

Kili(6as; — 6;) + Bil;

TIF- = dt y l = 1; 21 3; 4’ (6)
' Fmaxi
Fy, 0 0
up =J1RY +J2R2 Fu, |+ J3RS |Fuy | +JiRE| O l (Nm), (7
0 0 0 Fy,

where, K; (N/m); B; (Ns/m); [; (m); 64 =][0as, Oas, Oasy 0as,]T (rad);
0=1[6, 0, 03 6,] (rad); Fy, (N) is the user force; Fpqy, (N) is the maximum user force on
. .. g _[ori org or; Ory
linki (i =1,2,3,4); ); = [691 o o e
R? is the rotation matrix; The details of matrices in the Eq. (7) are provided in the Appendix.
In phase 2, the desired feedback forces are generated to assist the user motion as follows [12],
[13]:

is the Jacobian matrix; r; = [*; ¥  Z]T (m);

dbas;  do;
Fas; = a (dil— ) B(bas; — 0:) +vGi(6) (N, (8)

where, a, B, y are virtual coefficients; G;(8) (Nm) is the gravitational torque of link i (i =1, 2,
3, 4).
The differences are as follows:

F; = Fdsi - Fmsi’ )

where, Fp, is the measured feedback force on the link i (i =1, 2, 3, 4).
In numerical method, the measured feedback forces are modeled as follows:

Es; = PyFq + PyFy,, (10)

where, Fy, Fyy, are disturbances and the forces exerted by the human user, i (i = 1,2, 3,4), P, P,
are the coefficients in the measurement.

The differences are utilized in the force control to actuate joints by using transposed Jacobian
matrices as follows:

er, 0 0 0
ug = J{ R} +J3R? |er, | +JIRS |er, | + JERS 0] (Nm). (11)
0 0 0 €r,

The feedback force and velocity control is proposed as follows ([19], [20-23]):
uc = Hpug + Hy(wgs — 0) (Nm), (12)

where, Hp, Hy, are the proportional gains of the feedback force control and velocity control,
respectively wgs = [Wds; @ds, Wds; Wds,|T (rad/s); w = [W1 W2 w3 W4]T (rad/s) is
vector of the current angular velocities of the exoskeleton at joints 1, 2, 3, 4;
wgs; = 0Fyg, (rad/s) is the desired angular velocity of joint i; o (rad/s/N) is the coefficient of

mobility of the desired motion.
The voltage of servo motor i, Us,, (i =1, 2, 3, 4) are controlled following Eq. (13). In order to

stabilize the voltages, the limited voltages are regulated as follows:

U =f (nuci)USmax W), (13)
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7IUCi

uci u max . : :
where, f(n;) = T Uspae (V)i Mlog, = £+ (Nm); 57 = =22 e, (Nm); i the ratio
UCi

between the output torque and the input torque of the gearbox of the servo motor i.
The relationship between the uy,,, the output torque generated by servo motor i, and the
voltage Us, (i =1, 2, 3, 4), when L,; ~ 0 and negligible, is as follows [24], [25]:

do, ke
]R—t (Nm), (14)

uMl' = K- [Usi - kei'ﬂi'E

where, R, (Q); k., V/(rad/s); yi%i (rad/s); Lq; (H); Io,(A); k¢, (Nm/A) are explained in the
Table 2.
4. Optimal gains of the feedback force and velocity control

To find the optimal gains of the Feedback Force and Velocity control, the parameters of the
arm exoskeleton are in Table 2.

Table 2. Parameters of a 4-DOF arm exoskeleton

Parameters of the arm exoskeleton Values
Link length a4, a,, az, a4 (m) a; =02,a, =03,a3 =04,a, =0.2
Link mass my, m,, msz, my (kg) my =0.3,m, =0.5,m3 =0.3,my =0.5
Distance 1y, 15, I3, I (m) L=L=1=1,=02
Virtual coefficients @ (Ns/rad), f (N/rad), y (1/m) a=0.5,=05y=05
Viscousity damping coefficients by, by, b3, b, (Nms/rad) b, =b, =b3 =b, =0.3
Inertia moments of links I; (kg.m?) I, = diag[0.20,0.30,0.40,0.20]
Inertia moments of servo motors I, (kg.m?) Iy= diag[0.80,0.50,0.40,0.60]
Supplied voltage Us__ (V) Us . =12
Stiffness Ky, K, Ks, K, (N/m) K, = K, = K3 = K, = 10000
Damping By, B,, B3, B, (Ns/m) B; =B, =B; =B, =100

E . =2FE =3FE__ =2
Maximum interaction forces on links (N) max ;ﬂwa - maxs
max, —

ke, = 0.002, k;, =0.003, k,, = 0.002,
ke, = 0.001

ke, = ko, = ko, = ko, = 0.001

Torque constant parameters k. , k;,, k¢, , k¢, (Nm/A)

Back electro motive force (Voltage) constant parameters
ke, ke, ke, ke, (Vs/rad)

Resistor parameters R, , Ry, Rq,, Rq, () Ry =Ry, =Ry, =Ry, =3
Ratio gearbox parameters i, Uy, U3, Ug W = Uy = Uz = e =250
Proportional gain of the controller: Hg  , Hy, , Automatically optimized by BCMO
Maximum allowed torques S, S, S3, S4 (Nm) $1=2,5,=3,53=2,5,=1
The disturbance from outside environment F; (N) F; = 0.01sin(100¢t)
The coefficients of the disturbance in the measurements
) . Pi=1,P,=-1
and user’s force, respectively
The coefficient of mobility or admittance o (rad/s/N) oc=-02
Simulation time T (s) T =20

The desired angles and desired angular velocities of the joints are:

edsl = edSZ = 9dS3 = 9d54 = 025 (rad), (15)
wgs, = —0.2Fy, (rad/s), (i=1234).

The initial positions and initial angular velocities of the joints are:
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8,=[0 0 0 0] (rad),
woo=[0 0 0 0]" (rad/s). (16)

In the algorithm, the gains Hg,,., Hy, of the feedback force and velocity control will be
optimized to minimize the root mean square of the error in the Eq. (17):

RMS(ep) = (17)

In the algorithm, the initial values are MaxGen = 10, Np = 50, Ug = 500, L = 0; the optimal
function of BCMO is theRMS(er). The optimized proportional gains of the feedback force and
velocity control are: Hp =48, H, = 394. The optimal RMS(er) = 0.47 (N). The simulations of
angles of joints and angular velocities of joints are carried out in Figs. 3, 4. The simulations of the
feedback forces on the links are shown in Fig. 5.

Angle of rotation of joints 1-2-3-4

0.5

Measured Angular Rotation - Desired Angular Rotation

0, (rad)

0, (rad)

0, (rad)

0, (rad)

0 2 4 6 8 10 12 14 16 18 20
time (s)
Fig. 3. The simulation of the angles of joints (rad) realized by the feedback force and velocity control

In case of the original control [12], the optimal gains of the original control obtained by BCMO
are: Hr = 81, Hp = 394. The optimal root mean square of error is:RMS(er) = 0.52 (N). The
simulation of angles of joints, angular velocities of joints, feedback forces on the links realized by
original control are shown in Figs. 6, 7, 8.

In comparison, the feedback force and position control contains more oscillation in the
feedback forces on the links than the feedback force and velocity control contains, and these
oscillation in the feedback forces on the links can cause damages to the user. With the proposed
feedback force and velocity control, the feedback force control has been improved in terms of fast
response and less oscillation when generating safer feedback forces on the links.
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Angular velocity of joint 1-2-3-4 (rad/s)

Measured Angular Velocity - Desired Angular Velocity | |

4 6 8 10 12 14 16 18 20
_1 | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20
0.5
of ‘l‘vl‘;
_05 | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20
time (s)
Fig. 4. The simulation of the angular velocities of joints (rad/s) realized
by the feedback force and velocity control
Feedback forces on links 1, 2, 3, 4
5L ‘ Measured Feedback Force ————- Desired Feedback Force | |
0

F, (N) F, (N)

Fy (N)

Fy (N)

0 2 4 6 8 10 12 14 16 18 20
2 \
0 “"F 777777 T Toperp—
2 | | | | |

0 2 4 6 8 10 12 14 16 18 20

time (s)
Fig. 5. The simulation of the feedback forces on the links (N) realized
by the feedback force and velocity control
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Angle of rotation of joints 1-2-3-4

Desired Angular Rotation | |

3
20 Measured Angular Rotation
1
0

0, (rad)

@2 (rad)

o
=
-
©)
_0_5 1 1 | | | 1 1
0 2 4 6 8 10 12 14 16 18 20
0.4
=)
AV A ]
N
©)

0 | | | | | | |
0 2 4 6 8 10 12 14 16 18 20

time (s)
Fig. 6. The simulation of the angles of joints (rad) realized by the original control

Angular elocity of joint 1-2-3-4 (rad/s)

Measured Angular Velocity -~~~ Desired Angular Velocity | |

04 (rad/s)

0y (rad/s)

03 (rad/s)

0y (rad/s)

-1 | | | | |
0 2 4 6 8 10 12 14 16 18 20

time (s)

Fig. 7. The simulation of the angular velocities of joints (rad/s) realized by the original control

ISSN PRINT 2351-5279, ISSN ONLINE 2424-4627



FEEDBACK FORCE AND VELOCITY CONTROL OF AN ARM EXOSKELETON TO ASSIST USER MOTION.
THANG CAO NGUYEN, TUAN NGOC NGUYEN

Feedback forces on links 1, 2, 3, 4

L Measured Feedback Force ——--—- Desired Feedback Force | -

F, (N)

_5 | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20
2 T T T T T T T
Z o1~ hN
=
L
_2 | | | | | | | |

0 2 4 6 8 10 12 14 16 18 20
time (s)
Fig. 8. The simulation of the feedback forces on the links (N) realized by the original control
5. Conclusions

In the paper, the feedback force and velocity control to regulate the better feedback forces on
the links is realized and optimized by BCMO. The feedback force and velocity control aims at
assisting user motions. When the user moves his arm, the arm exoskeleton is actuated to assist his
motion. The numerical simulation shows that the feedback force and velocity control has achieved
the safer feedback forces on the links in terms of fast response and less oscillation.
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Appendix

In the nonlinear dynamic equation as shown in Eq. (3), we define 6;, 6,, 65, 8, are angles of
rotation of joint 1, 2, 3, 4, respectively. w4, w,, w3, w, are angular velocities of joint 1, 2, 3, 4,
respectively. m;, m,, ms, m, are masses of links 1, 2, 3, 4, respectively. a;, a,, a;, a, are
lengths of links 1, 2, 3, 4, respectively.

And we denote:

A, = a,sinf,, B, = a,co0s0,,

As; = assin(f, + 65), B; = azcos(6, + 65),

A, = aysin(6, + 65 +6,), B, = a,cos(6,+05+6,),
s3 =sinf;, c3 =cosf;, s, =sinb,, c, = cosb,,
S34 = sin(0; +6,), ¢34 = cos(6; +6,),

Sy3 = sin(8, + 63), c,3 = cos(0, + 65),

Sp34 = Sin(0, + 05 +60,), Cy34 = cos(0, + 05 + 6,).

The detail elements of the matrix of inertia moments of joints are:
M: 4 +IL+IM (kg.mz),

where:

a;, = myai + my(af + A3) + my(a + (A, + 43)%) + my(af + (A, + Az + A,)7),
Ay, = Myas + my(a3 + a2 + 2a,a3c3)
+my(as + a3 + a2 + 2a,a3¢5 + 2a,a4C34 + 2a3a,c,),
as3 = mza2 + my(a3 + a2 + 2aza,c,),
Q44 = Myaj,
Ay a1(m232 +m3(B, + B3) + my(B, + B3 + B4)),
13 = a;(m3B; + my(B; + B)),
a4 = myB,ay,
ay3 = M3a? + myayazcs + my(a2 + a? + a,a;¢; + Aya4C34 + 2a3a,4C,),
Ayy = m4ai + m4a2a4C34 + m4a3a4C4,
Azq = Myaj + myazasc,,  a;; = a;;, (6,j =1,2,3,4).

The matrix of the inertial moment of the links 1, 2, 3, 4 is:

Ly 0O 0 0
0 I O O
0 0 Igs O
0 0 0 Iy

I, = (kg. m?).
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The matrix of the inertial moment of the servo motors at joints 1, 2, 3, 4 is:

0 Iy, O 0 2
IM - 0 0 IM33 0 (kg m )

The detail elements of the vector of Coriolis and centrifugal forces are:
C = [C1 C2 C3 C4,]T (kg mz/sz),

where:

4 4
C1 = <2m2Asz + 2m3(A2 + A3)(BZ + B3) + 2m4ZAlZ Bl.) wW1Wy

i=2 i=2
4 4
+ 2m3(A2 + A3)B3 + 2m4z Ai (B3 + B4,) w13 + 2m4 Z Ai B4(A)1(A)4
i=2 i=2
4 4
_al (mzAz + m3(A2 + A3) + m4 Z Al> w% - al <m3A3 + m4_ Z Al> (1)%
i=2 i=3
4
_a1m4A4wZ - 2a1 <m3A3 + m4ZAl> (1)2(1)3 - 2a1m4A4((1)2 + (1)3)(1)4,
i=3
C; = —(M3a,a353 + M40,a353 + My0,04534) w03 + W3?)

—(M4004534 + MyA30454) Qs + 20304 + W4*)

4 4
. (mzAsz +my(A, + A3)(By + By) +my ZAL- Z Bi> w2,

=2 =2

4
C3 = _m4a3a454(2(1)2(1)4 + 2(1)3(1)4_ + (1)42) - mg(Az + A3)B3 + m4ZAl (B3 + B4_) (1)12
i=2
+(M3a,a35; + Mya,a35; + Myaya4534) W57,
4
Cy = —m4ZAi Bywi? + (Mya,a,S34 + MyG30455) w52 + 2 MyQ304S,0,W03
i=2
+ Myua3a,48, w32,
The detail elements of vector of gravitational forces are:
GO) =[G, G, G G4]T (kg. mZ/SZ),
where, G, =0; G, =mygA, + m3g(A; +A3) + myg(A; + A3 +AL);  G3 =mzgAs +

myg(Az + Ay); Gy = mygA,.
The rotation matrices and the Jacobian matrices of joints 1, 2, 3, 4 are:

— Joint 1:
_Sl 0 Cl
R =A49(1:31:3)=|¢; 0 s (18)
0 1 0
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[;161 ; or, or, 0n 87‘1] [_11151 g 8 8] (1)
= |lis ] 1= |35 aa as as |~ | L& :
0 a0, 06, 065 06, 0 00 0
From Egs. (18) and (19), one has:
L, 00
0 0 O
0 0 O
— Joint 2:
—S5152 —S516 O
RY =RV.R} =A%(1:3,1:3).A3(1:3,1:3) = 49(1:3,1:3) = l C1S; 16 51], (20)
_Cz 52 0
—l251$2 + a1C1
r, = | Leys; +agsq |,
—lyc,
21
arz arz 67'2 67‘2 _lzclsz - a1$1 _1251C2 0 0 ( )
2= 36. 20. 20. ﬁ] =|-lsis; ta;c; L, 0 0.
1 2 3 4 0 lys, 0 o
From Egs. (20) and (21), one has:
a;15; a6, —Ups,
0 l 0
TRO — 2
2R3 0 0 0
0 0 0
— Joint 3:
RY = RY.R1.R? = A9(1:3,1:3). A3(1:3,1: 3). 4%(1:3,1: 3)
—S51S23 —S81C23 (g
22
=43(1:3,1:3) = [ C1S23 C1C23 51], 22)
—Cz3 S23 0
—s1(azs; + I3553) + ascq
r3 = | ¢1(azs; +13853) + g5, |,

—ayC; — 303
a d d d
[l dn 0 o @)
a0, 06, 065 06,
—c1(ay8; +13523) —a;s;  —51(az¢; +13¢53)  —S1l3¢3 0
=[=s1(azs; +I3523) +asc; ci(azc, +1363) cqlzez 0.
0 a,S, + 135,53 l3555 0

From Egs. (22) and (23), one has:

a1523 a1Cz3 =038, — 1383
l 0
TRO _ | @253 @203+ (3
]3 3 0 l3 0
0 0 0
— Joint 4:
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RY = RO.RL.R2.R3 = A9(1:3,1:3). A4(1:3,1: 3). A2(1:3,1:3). A3(1: 3,1:3)

= A2(11 3,1:3) = [51 C1S234 C1C234

€1 —515234 _51C234| (24)

0 —C234 $234

—51(az5; + a3S;3 + 14S234) + a0

7y = | ¢1(a8; + a3S33 + 145234) + 4451 |,
=30y — A3Cy3 — 14Co34
I, = or, OJr, O0n, 67"4]
* 7 log, 06, 96, 00,
—¢1(az8; + a3Sy3 + 14S234) — a1S; —51(az0; + a3C3 + 14Co34) (25)
= [=s51(az5; + 3553 + 14S234) + a1¢; ¢1(azc; + asca3 + 14Co34)
0 aySy; + a3Sy3 + 145034
—51(a3C3 + 14Ca34)  —51l4Ca34
c1(ascysz + 14Ca34) C1l4Co34
a3Sz3 + 145234 145234
From (32) and (33), one has:
—3S; — A3S73 — 14534 A15234 A1C234
JTRY = 0 AyS34 +0a3S, ly+asc, +acs,
474 T 0 (35, I, + asc,
0 0 ly

)(D ;(.; 3
J =g 3
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