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Characteristic Analysis and Control Loop Design of
Transmission Torque and Jerk for Flexible Joint

Servo Systems
Can Wang , Yongquan Zhuang , Jinling Yang , Yuchao Liu , and Jianfei Pan , Member, IEEE

Abstract—In collaborative robot joint servo systems, harmonic
reducers are mostly adopted as transmission devices, which helps
to achieve light weight and flexibility. However, the introduction of
a harmonic reducer or other transmission devices inevitably intro-
duces elasticity into the system, resulting in mechanical oscillations
and decreased joint output accuracy, which will reduce the safety
and accuracy of the transmission system. This article investigates
the dynamic characteristics of the transmission torque and jerk,
which play a key role in the performance of servo transmission.
The traditional servo control structure is then replaced by a novel
control loop structure consisting of position, transmission torque
and jerk. The parameters of the loop controllers are designed by
means of the pole configuration method and an evaluation func-
tion. Finally, the accuracy and transmission safety of the designed
control structure are verified by both simulation and experiment.

Index Terms—Elastic servo system, transmission jerk,
transmission safety, transmission torque.

NOMENCLATURE

Te, Ts, TL Electromagnetic (motor) torque, transmis-
sion torque, load torque.

Tsr, Tso Reference and observation of Ts.
Tsr_max, Ts_max Maximum reference and limit of Ts.
Ṫ s Transmission jerk.
Ṫ sr, Ṫ so Reference and observation of Ṫ s.
Ṫ sr_max, Ṫ s_max Maximum reference and limit of Ṫ s.
Ts(0), Ṫ s(0) Initial values of Ts and Ṫ s.
Tse(0), Ṫ se(0) Initial values of Ts and Ṫ s under the action

of Te.
TsL(0), Ṫ sL(0) Initial values of Ts and Ṫ s under the action

of TL.
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T̈s, T̈so Transmission snap and its observation.
J1, J2 Motor inertia and load inertia.
Ks Transmission stiffness coefficient.
θr, θm, θl Reference, motor, and load position.
ωm, ωl Motor speed, and load speed.
R Ratio of J2 to J1.
ωo Oscillation frequency.
k1, k2 Coefficients of the state feedbacks.
F Control gain of transmission jerk.
kpp, kpd Proportional and differential coefficients of

position loop controller.
P1, P2 Transfer functions of position controller and

transmission torque controller.
ωpc Expected cut-off frequency.
ϕpc Expected phase margin.

I. INTRODUCTION

ROBOTS are widely used in industry and services [1], [2].
Most conventional robot joints use transmission mecha-

nisms such as rotate vector reducers or gearboxes [3]. However,
in order to achieve compactness, light weight, and flexibility,
current robots commonly use harmonic reducers for transmis-
sion, which reduces the control accuracy [4]. Once the trans-
mission torque exceeds the bearing range of the reducer, or the
system works for a long time causing mechanical fatigue, it not
only reduces the service life of the reducer, but also endanger
the safety of the whole system [5].

In the joint servo system of a flexible robot, as shown in
Fig. 1, the joint shaft is twisted and deformed due to the re-
peated high-speed deformation of the flexible wheel with the
harmonic reducer, resulting in the transmission torque Ts (not
the motor torque Te) [6]. The unsafe factors of the system
can be divided into three parts. Due to the easy installation
of sensors or soft materials, the safety of the motor side and
the load side can be easily guaranteed [7], [8], [9]. However,
as an internal device, the limited bearing capacity and flexible
connections of the reducer are prone to problems such as oscil-
lations, shocks, or overload operation of the transmission torque
and jerk, which are difficult to solve through mechanical or
control strategies [10]. Therefore, the research on transmission
safety poses a challenge for the optimization of robot servo
systems [11].
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Fig. 1. Classification of unsafe factors and solutions of a joint servo system.

The essence of unsafe transmission of the flexible robot joint
system lies in the elastic connection and the limited bearing ca-
pacity of the reducer. The former usually introduces mechanical
oscillation into the system [12], while the latter usually brings
poor performance during sudden torque changes [13]. In order
to improve the transmission performance of the system and to
provide theoretical guidance for the control method research,
the transmission safety mechanism of the system should be
elaborated.

Currently, most scholars have analyzed the mechanical oscil-
lations caused by elastic connections such as limited stiffness,
backlash, and friction [14], [15], [16]. However, few studies
focus on the limited bearing capacity of reducers. The influence
of dynamic load changes on shaft torsion is analyzed in a wind
power transmission system in [17]. The reason for dynamic load
limit of a horizontal flat rolling mill is studied in [18], and a
fixed telemetry method is adopted to achieve continuous control
of dynamic torque. In [19], torsional vibrations at nonzero fre-
quencies in synchronous and asynchronous motor drive systems
are analyzed, and it is shown experimentally that shaft torque
limiting and line current harmonics can actually limit the losses
at different operating frequencies of the motor.

To ensure the safety of servo systems, classical servo drivers
are generally equipped with the ability to limit position, speed,
and current by command constraints or controller output sat-
uration [20]. However, as an internal state of the system, the
transmission torque lacks an independent control loop for effec-
tive control and safe limitation.

The existing transmission state control methods include: state
feedback control, model predictive control (MPC), and indepen-
dent transmission state loop control [21], [22]. An improved
disturbance observer is proposed in [23] to realize accurate
contact force estimation using the joint torque sensor. In order
to control the transmission torque directly, Serkies et al. [24]
and Cychowski et al. [25] done a lot of work on MPC. In
[25], the standard MPC controller is replaced by its explicit
form. The resulting explicit controller achieves the same level
of performance as the conventional MPC, but requires only a
fraction of the real-time computing equipment, thus leading to
fast and reliable implementation. An intelligent particle swarm
optimization algorithm is employed in [26] to design the cost
function of explicit MPC (EMPC), thus improving the search

efficiency of the optimal coefficients. In combination with the
direct torque control strategy, the application of a combined
MPC to replace the position and speed loops can improve the
field weakening performance of the system [27]. Although MPC
provides a compact control design and ensures the system safety,
the difficulty of parameter tuning and complex calculations
makes its implementation in embedded drive system a challenge.

An effective solution to the above problem is closed-loop
control of the transmission torque, but little research has been
done in this area. In [28], a novel cascade methodology of
forced dynamic control for the two-mass system is proposed.
This method utilizes the pole configuration method to construct
a shaft torque loop that acts as the inner loop of the speed
control loop, which can effectively achieve shaft torque and
speed tracking control. To reduce the effect of flexible loads on
the wind turbine system, control loops for transmission torque
and jerk are designed in [29] and [30]. To improve the speed
tracking performance of the system, a speed outer loop is further
designed. The existing loop control methods for transmission
torque and jerk are mainly applicable to the inner loop of speed
control. In contrast, there is a lack of research related to position
control, which is of more concern for robotic joint systems.

Based on the above analysis, the characteristics of transmis-
sion torque and jerk are elaborated firstly in this article. Then,
a novel servo cascade control structure consisting of position,
transmission torque, and jerk is proposed. Considering that the
robot joint system primarily focuses on position and torque
control, and to reduce the complexity of the system design,
this article omits the intermediate speed loop. Therefore, issues
related to speed constraints need to be addressed in the position
trajectory planning. Compared with the existing research, the
main contributions of this article are as follows.

1) The operating characteristics of transmission torque and
jerk in a flexible joint servo system are quantitatively
analyzed for the first time.

2) The traditional servo control structure is replaced by a
cascade loop of transmission torque, transmission jerk,
and position. Based on the integral of time-weighted ab-
solute error (ITAE) criterion and the frequency domain
method, the controller parameters are designed to improve
transmission accuracy and safety of the system.

The rest of this article is organized as follows. The flexible
joint servo system is modeled in Section II. The analysis of the
operation characteristics of the transmission torque and jerk are
elaborated, taking into account the practical working conditions
in Section III. In Section IV, the controllers of the three loops are
designed. Experimental results are given in Section V. Finally,
Section VI concludes this article.

II. MODEL OF THE ROBOT JOINT SERVO SYSTEM

The dynamic model of the robot joint servo system is shown
in Fig. 1. As an elastic transmission device, the reduction ratio of
the reducer is i, the stiffness coefficient is Ks, and the damping
coefficient is cs. The electromagnetic torque Te and transmission
torque Ts act together on the motor (motor inertia is J1 and
damping coefficient is b1), and Te and Ts jointly determine the
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Fig. 2. Block diagram of the conventional servo control system.

motor position θm and speedωm. Meanwhile, Ts and load torque
TL work together on the robot arm and the load with load inertia
of J2 and load damping coefficient of b2 to determine the load
position θl and speed ωl.

The impact of damping on the servo system is manifested
as a resistive torque, which results from its product with the
system speed. Therefore, it has a clear physical significance and
can be analyzed separately. In addition, to simplify the design
process of the control method and considering the feasibility
of implementing the transmission torque state-space modeling,
damping is neglected in the system model in this article. Then,
the state equation of the system motion can be established as
shown in (1), where the state is chosen as x(t) = [ωm ωl Ts TL]T,
the input u(t) = Te, and the output y(t) = ωm{

ẋ(t) = Ax(t) +Bu(t)
y(t) = Cx(t)

(1)

A =

⎡
⎢⎢⎣

0 0 −1/J1 0
0 0 1/J2 −1/J2
Ks −Ks 0 0
0 0 0 0

⎤
⎥⎥⎦ ,

B =

⎡
⎢⎢⎣
1/J1
0
0
0

⎤
⎥⎥⎦ , C =

⎡
⎢⎢⎣
1
0
0
0

⎤
⎥⎥⎦
T

.

Most conventional servo control structures consist of posi-
tion and speed loops, where the electromagnetic torque loop
is simplified due to its fast response, and the block diagram is
shown in Fig. 2. APR and ASR denote position regulator and
speed regulator, respectively, and they are mostly implemented
by proportion-integral-derivative controllers. The blue dashed
box indicates the mechanical structure of the system, which
corresponds to (1).

The transfer functions from Te to Ts and from TL to Ts are,
respectively, as follows:

Ts(s)

Te(s)
=

J2Ks

J1J2s2 + (J1Ks + J2Ks)
(2)

Ts(s)

TL(s)
=

J1Ks

J1J2s2 + (J1Ks + J2Ks)
. (3)

From (2) and (3), the oscillation frequency ωo can be deduced
as in (4), where ωo is related to the stiffness of the transmission
device

ωo =

√
(J1 + J2)Ks

J1J2
. (4)

According to the superposition theorem, the frequency do-
main expression for Ts is

Ts(s) =
Ks [J2Te (s) + J1TL (s)]

J1J2s2 + (J1Ks + J2Ks)
. (5)

III. CHARACTERISTICS OF THE TRANSMISSION STATES

A. Transmission Torque

According to (1), we can obtain a second-order differential
equation for Ts(t), expressed as follows:

T̈s (t) = Ks ·
(
Te(t)− Ts(t)

J1
− Ts(t)− TL(t)

J2

)
. (6)

Furthermore, by using (4), we can rearrange (6) as follows:

T̈s (t) + ω2
o · Ts(t)− Ks

J1
· Te(t)− Ks

J2
· TL(t) = 0. (7)

Under common operating conditions of robot joint systems,
such as motor start-up, steady state, and external disturbances,
the effect of Te and TL on the system can always be sim-
ulated by step signals. Thus, there are L{Te(t)} = Te

s and
L{TL(t)} = TL

s , where Te and TL are the values of the two
variables, respectively.

To comprehensively study the system’s response induced by
nonzero excitation and initial conditions, the Laplace transform
is used. The results when Te and TL act separately are expressed
as (8) and (9), respectively, where Tse(0) and Ṫ se(0) represent
the initial values of Ts and Ṫ s under the action of Te, while TsL(0)
and Ṫ sL(0) represent the initial values of Ts and Ṫ s under the
action of TL

s2 · Ts(s) + s · Tse (0) + Ṫse (0) + ω2
o · Ts(s)− KsTe

J1s
= 0

(8)

s2 · Ts(s) + s · TsL (0) + ṪsL (0) + ω2
o · Ts(s)− KsTL

J2s
= 0.

(9)

Furthermore, by performing the inverse Laplace transform
on (8) and (9), we can obtain the time-domain expressions of Ts

when Te and TL act separately. According to the superposition
theorem, the time-domain expression of Ts(t) can be obtained
when Te and TL act together, as shown in (10). In this expression,
the system inertia ratio is denoted as R = J2/J1, which is the
system’s inertia ratio, and the initial value of Ts and Ṫ s after
merging is Ts(0) = Tse(0) + TsL(0) and Ṫ s(0) = Ṫ se(0) +
Ṫ sL(0), respectively, as follows:

Ts (t) =
RTe + TL

1 +R
[1− cos (ωot)]︸ ︷︷ ︸

zero state response
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Fig. 3. Schematic diagram of the dynamic oscillation of Ts.

+

[
Ts (0) cos (ωot) +

Ṫs (0)

ωo
sin (ωot)

]
︸ ︷︷ ︸

zero input response

. (10)

Using trigonometric function relationships, we can simplify
(10) as

Ts (t) =
RTe + TL

1 +R
+ x · sin (ωot+ y) (11)

where

⎧⎨
⎩x =

√
[Ts(0)− RTe+TL

1+R ]
2
+ ( Ṫs(0)

ωo
)
2

y = arctan[ ωo

Ṫs(0)
(Ts(0)− RTe+TL

1+R )]
.

From (11), Ts is an oscillatory signal with an oscillation
frequency of ωo, an amplitude of x, and an offset of RTe+TL

1+R .
Considering the load inertia, the maximum speed of the motor,
and the mechanical space limitation, R is usually configured in
the range of 1 to 10. According to (11), when both Te and TL

are constants, Fig. 3 illustrates a schematic representation of the
response of Ts. It can be seen that the oscillation amplitude
|x| is positively correlated with R and |Ṫ s(0)|, and inversely
correlated withωo. It is worth noting that Ts will exhibit damped
oscillations if the damping of the system is taken into account.

B. Transmission Jerk

Sudden disturbances often lead to drastic changes in the
system states, exacerbating the transmission unsafety, so the
dynamic characteristics of the transmission jerk Ṫ s should also
be analyzed. According to (11), the time-domain expression of
Ṫ s shown in (12) can be derived

Ṫs (t) = ωox · cos (ωot+ y) . (12)

For an actual flexible robot joint system, the transmission
devices usually include reducers, shafts, and couplings. The
specific oscillation frequency distribution is about 30 to 300 Hz.
According to (12), a schematic diagram of the dynamic response
of Ṫ s is shown in Fig. 4, where the oscillation amplitude is
ωox. Unlike Ts, the amplitude of Ṫ s is positively correlated
with ωo. Once the bearing capacity of the transmission device

Fig. 4. Schematic diagram of the dynamic oscillation of Ṫ s.

is exceeded, the safety of the entire servo system will be com-
promised.

C. Common Working Conditions Discussion

Since dramatic changes in Ts and Ṫ s will be caused by motor
start-up or sudden disturbances, both cases are discussed below.

1) Motor Start-Up: When the motor is accelerated from
standstill, Ts(0) = Ṫ s(0) = 0. According to (11), the maximum
steady-state value of Ts can be obtained, as shown in (13). On
the other hand, the corresponding maximum value of Ṫ s can be
derived, as expressed in (14)

Ts_max1 = 2

∣∣∣∣RTe + TL

1 +R

∣∣∣∣ (13)

Ṫs_max1 =

∣∣∣∣ (RTe + TL)ωo

R+ 1

∣∣∣∣ . (14)

It can be seen that Ts_max1 is related to the instantaneous
values of Te and TL as the motor is started. As R increases, the
fluctuation range expands. Whereas, Ṫ s_max1 is related to not
only the above factors but also ωo.

2) Sudden Disturbance: Due to the random nature of sudden
loads, the instantaneous value of Ts is inevitably related to the
initial conditions, i.e., Ts(0) and Ṫ s(0) � 0. According to (11),
when a sudden load occurs, the maximum value of Ts can be
derived as (15). Similarly, the maximum value of Ṫs can be
deduced as (16). It can be seen that both Ts˙max2 and Ṫ s˙max2

are related to Ts(0) and Ṫ s(0). Different loading times result in
significant differences in Ts(0) and Ṫ s(0)

Ts_max2 =

∣∣∣∣RTe + TL

1 +R

∣∣∣∣+ x (15)

Ṫs_max2 = ωox. (16)

The properties of Ts and Ṫ s can guide not only the design of
saturation values, but also the selection of system components.

IV. LIMITING CONTROL BASED ON TRANSMISSION STATES

CASCADE LOOPS

From the analysis above, the time-domain responses of Ts

and Ṫ s are both oscillating signals, which seriously affect the
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TABLE I
MAIN PARAMETERS OF THE FLEXIBLE TRANSMISSION SERVO SYSTEM

Fig. 5. Step response of the transmission jerk loop.

transmission performance of the system and even endanger the
safety of the entire system. Since the traditional servo system
lack a specific loop control for the transmission states, it cannot
solve the transmission problem. Therefore, a cascade control
loop of Ts and Ṫ s is established in this article.

A. State Space Model of Transmission Jerk

The state space model consisting of Ts and Ṫ s has zeros at the
origin of the complex plane, making the system unstable. There-
fore, the state matrix is constructed of Ṫ s and T̈s. According to
(1), the state space can be established to be represented in[

T̈s...
T s

]
=

[
0 1

−Ks

J1
− Ks

J2
0

] [
Ṫs

T̈s

]
+

[
0
Ks

J1

]
Ṫe +

[
0
Ks

J2

]
ṪL

(17)

Ṫs =
[
1 0

] [Ṫs

T̈s

]
. (18)

The input equation is (19), where k1 and k2 are the parameters
of the state controller and F is a control gain

Ṫe =
[
k1 k2

] [Ṫs

T̈s

]
+ FṪsr. (19)

In order to verify the performance of the designed control
structure, a simulation model is built with the parameters shown
in Table I. In Fig. 5, the step response of Ṫ s loop at 20 N·m/s

Fig. 6. Three-dimensional relationship diagram of JITAE, ktp, and k1.

is tested. It is clear that the reference transmission jerk Ṫ sr

can be tracked within 0.05 s, which proves the good tracking
performance.

B. Control Loop Design of Transmission Torque

In addition to Ṫ s loop, a Ts loop is added, and a proportional
controller (P) with a coefficient of ktp is selected.

In order to balance the rapidity and accuracy of the response
of Ts, an evaluation function JITAE based on the time integral
of the absolute value of e(t) = Tsr(t) - Ts(t) is established in
(20), where Tsr and Ts are the reference transmission torque
and the actual transmission torque, respectively, and k1, k2, and
ktp are the parameters to be designed. When JITAE reaches the
minimum value, the tracking error is guaranteed to be minimal
and therefore the local optimal tracking performance of Ts is
achieved

JITAE =

∫ t

0

t |e(t)|dt =
∫ t

0

t |Tsr(t)− Ts(t)|dt. (20)

Since k2 is the feedback coefficient of T̈s, the smaller k2 is, the
better the smoothness of the compensation. After repeated tests,
k2 is set to be 0.0003. Thus, a three-dimensional relationship
diagram between JITAE, ktp, and k1 is depicted in Fig. 6.
Obviously, the minimum value of JITAE is 2.46×10−2 N·m·s2,
i.e., the best tracking performance can be obtained when ktp =
26.02 Hz and k1 = −1.24.

To verify the performance of Ts loop, a step signal of half
the rated torque (2.385 N·m) is given, and the saturation values
of Te and Ṫ s are set to the motor rated torque and 20 N·m/s,
respectively. The simulation results are given in Fig. 7. It can be
seen that Ts can keep stable within 0.2 s without tracking error,
which indicates its good dynamic performance. The steady-state
value of Te is about 3 N·m, which provides power to both the
drive and load sides together. From Fig. 7(b), Ṫ s can be well
stabilized at the set saturation value, which is also consistent
with the slope of Ts shown in Fig. 7(a).

C. Control Loop Design of the Position

In order to meet the positioning requirements of the robot
joint, a position loop should be added. A proportional derivative
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Fig. 7. Step responses of the transmission torque loop.

(PD) controller is chosen with the proportional and differential
coefficients kpp and kpd, respectively. The role of the derivative
term is equivalent to indirectly controlling the motor’s speed.

The open-loop transfer function from the reference position
θr to the actual motor position θm is shown in (21), where P1 and
P2 are the transfer functions of the PD controller in the position
loop shown in (22) and the P controller in the transmission torque
loop shown in (23), respectively, as follows:

Gp(s) =
θm
θr

=
FJ2P1P2s

2 + FP1P2Ks

J1J2s
5 + J2k2Kss

4 + (J1Ks + J2Ks

+J2k1Ks)s
3 + FJ2KsP2s

2

(21)

P1 = kpp + kpds (22)

P2 = ktp. (23)

Considering the expected cut-off frequency ωpc and phase
margin ϕpc in (24), the parameters of the PD controller are
designed by the frequency domain approach. According to
Section IV-B, theωpc and of Ts loop can be calculated as 25 rad/s
and 67.9°, respectively. Since the position loop is served as an
outer loop, the cut-off frequency should be less than that of Ts

loop.

Moreover, there has to be a tradeoff between transmission
tracking and fast positioning. Accordingly, the desired cut-off
frequency of the position loop ωpc is set to be 0.2 times the
transmission torque loop, i.e., 5 rad/s, while ϕpc is designed to
be 57°. Then, kpp = 0.02 and kpd = 0.01 can be obtained from{

|Gp (jωpc)| = 1

∠Gp (jωpc) = ϕpc − π.
(24)

D. Saturation Design of Transmission Torque and Jerk

For the control loops of Ts and Ṫ s, it is necessary to design
the respective saturation values with reference to the following
three aspects.

1) User requirements.
2) The maximum mechanical torque and instantaneous im-

pulse that the transmission mechanism can withstand for
long-term operation.

3) Practical applications and working conditions.
The following 1) and 2) are based on the specific requirements

of the user or are related to the transmission equipment selected
for the joint system and therefore are not analyzed. For 3), the
idea of designing saturation values for Ts and Ṫ s can follow the
conclusions of the characteristic analysis of both in Section III.
That is, Tsr_max should satisfy both (13) and (15), as shown in
(25), while Ṫ sr_max should satisfy both (14) and (16), as shown
in (26)

Tsr_max < min {Ts_max1, Ts_max2} (25)

Ṫsr_max < min
{
Ṫs_max1, Ṫs_max2

}
. (26)

E. Observer Design

In this article, a Luenberger state observer is chosen to im-
plement the state feedback [31], and its recursive equation is

shown in (27). The state matrix is x̂ = [ω̂m ω̂l T̂s T̂L]
T

,
the feedback matrix is L = [l1 l2 l3 l4]T, and the system, input,
and output matrices are as expressed in (1)

˙̂x = (A− LC) x̂+Bu+ Ly. (27)

In order to apply the observer to a practical system, the exact
discretization method is applied. The obtained discrete state
equation is shown in (28), where T is the sampling time{

x̂(k + 1) = Gx̂(k) +Hu(k)
y(k) = Cx̂(k)

G = eATH =

∫ T

0

eATBdt. (28)

The Gramian of this observation system is shown in (29).
Since it is nonsingular, the system is fully observable

Q0 =
[
Co CoG CoG

2 CoG
3
]T

= 4. (29)

The characteristic equation of the observer is given by

a(z) = |zI − (G− LCo)| . (30)

The performance of the observer is typically characterized
by two aspects: when the observer poles are closer to 0, the
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Fig. 8. Block diagram of the complete three control loops of position, transmission torque, and transmission jerk.

Fig. 9. Simulation comparison results. (a)–(c) Traditional servo control structure shown in Fig. 2. (d)–(f) Proposed control structure shown in Fig. 8.

observation speed is faster, but the observation noise is greater;
conversely, when the observer poles are closer to 1, the obser-
vation speed is slower, but the observed results are smoother.
Since the transmission torque control studied in this article is
generally applied in scenarios where precise and smooth torque
tracking is more critical than high response speed, a balance
between observation noise and observation speed is considered.
Therefore, all four poles of the observer are configured to be 0.8,
as shown in (31). This choice makes them closer to 1, resulting
in smoother observation results. From this configuration, the
feedback matrix L can be derived

α∗ (z) = (z − 0.8)4. (31)

F. Complete Control Block and Simulation Results

Finally, the block diagram of the proposed servo control
structure consisting of position, transmission torque and jerk is
obtained, as shown in Fig. 8. To validate the performance of the

servo control structure designed in this article, Fig. 9 compares
the performance of the conventional servo control structure at a
50 rad step reference position. In the conventional servo control
structure, the APR and ASR adopt common P and PI regulators,
respectively, following typical servo tuning methods [32].

From Fig. 9(a)–(c), it can be observed that typical servo
tuning methods result in a fast position response, with Te quickly
reaching saturation. However, during the acceleration phase, Ts

and Ṫ s show continuous oscillations. The apparent oscillations
come from the large controller stiffness set by conventional servo
structures to ensure fast tracking. The oscillation characteristics
of Ts and Ṫ s are further verified by the local magnification
plots from 0 to 0.05 s given in Fig. 9(b) and (c). The median
and amplitude of the oscillations are in perfect agreement with
the numerical solution of (11) and (12). Moreover, when Te

reaches negative saturation (about 0.2–0.3 s), the amplitudes of
transmission torque and its jerk are smaller than when Te reaches
positive saturation (about 0–0.2 s). This is due to the fact that
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Fig. 10. Picture of the experimental setup (a) mechanical part (b) control part.

the initial values Tse(0) and Ṫ se(0) are no longer zero, which is
consistent with the theoretical analysis in Section III.

Fig. 9(d)–(f) shows the results of the proposed servo control
structure, where Ts is limited to 1.5 N·m and other conditions
are consistent with the previous ones. It can be seen that the
position tracking is slower than the conventional servo control
structure. However, neither Te nor Ts exceeds the saturation
value, and Ts is roughly 0.8 times of Te, which is consistent
with the theoretical analysis. Ṫ s remains within the saturation
value when Ts increases or decreases. When the motor reaches a
given position, all the torques in the system are balanced, and Ṫ s

is 0. In addition, the observer results are displayed in Fig. 9(e)
and (f), where the subscript “o” indicates the observed values.
Clearly, Tso closely matches the actual value Ts. Ṫ so lags slightly
behind Ṫ s, with a time delay on the level of microseconds.

It can be seen that the conventional servo control structure
cannot control the transmission characteristics of the system.
The servo control structure investigated in this article allows for
effective limiting and precise tracking control of the transmis-
sion torque and jerk. Although this inevitably involves some loss
of tracking speed, it is suitable for robotic systems concerned
with torque flexibility and precise control.

V. EXPERIMENT RESULTS

A. Experimental Setup

The experiment setup of the flexible transmission servo sys-
tem is constructed in Fig. 10. For the mechanical part shown in
Fig. 10(a), both the drive motor and the load motor are Panason-
ic© MINAS A6 series permanent magnet synchronous motors
(PMSM). The output electromagnetic torque Te is sent to the
motor driver as the reference signal of the torque loop through the
digital to analog converter (DAC) and analog to digital converter
(ADC) modules. The load motor acts as a generator to provide

Fig. 11. Step response of transmission torque loop.

the load torque TL, which is transmitted to the load driver for
loading the system. Both the servo drivers are set to torque loop
control mode to receive torque commands Te and TL, and control
the motor motion by field-oriented control technique. The actual
motor position is measured by an absolute encoder and the motor
speed is obtained by the speed calculation module of dSPACE for
the implementation of the Luenberger observer. The motor speed
is planned by the slope of the reference position. An elastic NBK
coupling is used to simulate flexible transmission mechanisms
such as reducers. The measured transmission torque is obtained
by a KISTLER torque sensor with a low-pass filter, while its
first-order differential is considered as the measured transmis-
sion jerk. The observed values of transmission torque differen-
tiations for state feedback undergo the same filtering process.
The flywheel is removable for simulating different load inertia
situations.

Experiments are constructed on MATLAB/Simulink and
compiled and executed on dSPACE MicroLabBox1202. The
specific platform parameters are shown in Table I. Consider-
ing the tradeoff between the control system’s requirements for
flexibility and rapidity in this study, the sampling time is set to
1 ms.

B. Response of Transmission Torque Loop

To verify the inner-loop performance of transmission torque
and jerk and to ensure system safety, a step Tsr of 0.4 N·m is
given. The saturation values of Ṫ s and Te are set to be±0.5 N·m/s
and the motor rated torque, respectively. The system response
is shown in Fig. 11, where the subscripts o and r stand for the
observed and the reference values, respectively.
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Fig. 12. Experimental comparison results at TL = 0.477 N·m. (a)–(c) Conventional servo control structure (d)–(f) proposed control structure without and (g)–(i)
with ±3 N·m transmission torque and ±40 N·m/s transmission jerk saturation values.

As can be seen in Fig. 11(a), the measured Ts almost matches
the observed Tso and track Tsr after about 1.5 s without over-
shoot. Since Ṫ sr_max is designed to be small, the response of Ts

is not very fast. Te is faster and its amplitude is larger than Ts,
as it needs to drive both the motor and the load. Furthermore,
the constant Tsr keeps the system in continuous acceleration,
in which case, the product of speed and damping results in a
torque added to Te. It leads to a slight upward trend of Te after
2 s. After the first-order differential process, the measured Ṫ s

and the observed Ṫ so are shown in Fig. 11(b), in which the same
trend can be seen. During the acceleration phase of the system,
the two states oscillate slightly around the saturation value of
0.5 N·m/s. When Ts has tracked the reference value, both states
drop to zero.

C. Response of the Proposed Servo Control Structure

Fig. 12 shows the experimental results of the conventional
servo structure and the proposed servo control structure at a
reference position of 30 rad, an electromagnetic torque limit of
one times the rated torque, and a sudden load of 10% of the rated
torque at 2.5 s.

As a comparison, the performance of the conventional servo
control structure consisting of position and speed is shown
in Fig. 12(a)–(c). By reducing the stiffness of the controllers,
the position response can be slowed down, thereby alleviating
oscillations in Ts and Ṫ s. Therefore, in the traditional servo
control structure, the stiffness of APR and ASR is reduced
to roughly align with the position tracking time of the pro-
posed servo control structure. This is done for better compar-
ison of the performance differences between the two in torque
response.

As can be seen, the torques increase immediately to accom-
modate the fast position response. From Fig. 12(a), the slope
of the motor position is large in 0–0.2 s, which means that the
motor speed reaches its maximum value and the corresponding
electromagnetic torque reaches its saturation value and remains
for 0.2 s, as shown in Fig. 12(b). The decrease in the motor
position slope over 0.2–0.8 s indicates a gradual decrease in
motor speed to zero, which should theoretically correspond to
a negative value of the electromagnetic torque. The presence
of system damping makes the final steady-state value of the
electromagnetic torque slightly greater than zero. Therefore,
while it is possible to alleviate the oscillations in Ts and Ṫ s
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Fig. 13. Experimental results for the proposed control structure at TL = 0.7155 N·m. (a)–(c) J2 = 22.9×10−4 kg·m2 (d)–(f) J2 = 53.8×10−4 kg·m2.

by slowing down the position response, it still cannot achieve
precise tracking control of the two.

The results shown in Fig. 12(a)–(c) also verify the charac-
teristics of the transmission states presented in Section III. Ac-
cording to (4), the oscillation frequency of the system is 140 Hz,
and the amplitude of Te is 4.77 N·m. Therefore, according to
Section III-A, Ts should theoretically oscillate with a median
value of 3.76 N·m, a range of 0 to 7.52 N·m, and a frequency
of 140 Hz (period is about 0.007 s). In addition, according
to (12), the amplitude and oscillation frequency of Ṫ s should
be 3304 N·m/s and 140 Hz, respectively. It can be seen that
the theoretical analysis is basically consistent with the actual
response shown in Fig. 12(a)–(c).

Fig. 12(d)–(f) and (g)–(i) shows the experimental results of
the proposed servo control structure without and with satura-
tion values of Ts and Ṫ s, respectively. From Fig. 12(e), the
presence of the transmission torque loop makes the amplitude
not large, about 3.76 N·m. The electromagnetic torque shows
a qualitatively similar behavior with transmission torque, but
settles at 4.77 N·m because it must also provide the torque to
accelerate the inertial mass of the drive side. From Fig. 12(f), the
transmission jerk reaches −100 N·m/s. From Fig. 12(g)–(i), Ts

reaches its saturation value ±3 N·m before the motor position
reaches the reference position. When the system reaches the
reference position, Te and Ts tend to zero. As can be seen in
Fig. 12(i), Ṫ s and Ṫ so reach a saturation value of −40 N·m/s
in the reverse direction. In addition, the experimental response
of this group lags slightly behind Fig. 12(d)–(f) due to the
application of the limiting control of the transmission torque
and jerk. Furthermore, the novel servo control structure studied
in this article exhibits a certain level of disturbance resistance.

When compared to the traditional servo control structure under
the premise of basic consistency in position response, the studied
servo control structure generates a more severe position drop but
with a shorter recovery time after loading.

Fig. 13 shows the results of the proposed servo control struc-
ture for different load inertia. The saturation values of Ts and Ṫ s

are set to ±2 N·m and ± 30 N·m/s, respectively, and the load
torque is 15% of the rated torque. Comparing Fig. 13(a)–(c) and
(d)–(f), as the load inertia increases, the system response slows
down, and the transmission jerk does not reach saturation. How-
ever, the uncertainty in system parameters does not affect the
system’s steady-state tracking accuracy. Therefore, the control
loop design presented in this article exhibits strong robustness
in the face of parameter uncertainties.

In addition, experiments are conducted under the planned S-
ramp position reference, considering limitations on motor speed,
acceleration, and jerk. The comparative results between the
conventional servo structure and the proposed control structure
are illustrated in Fig. 14(a)–(d) and (e)–(h), respectively. In the
proposed control structure, the saturation values for Ts and Ṫ s

are set to ±1 N·m and ±10 N·m/s, respectively. Compared to
the step position reference, the S-ramp position reference, due to
the imposed limitations on motor speed, acceleration, and jerk,
results in a slower system response with a significant reduction
in Ts and Ṫ s.

From Fig. 14(a)–(d), it can be observed that the motor’s
position tracking response is fast, resulting in the maximum
motor speed exceeding 80 rad/s. Similarly, the response speed of
Ts and Ṫ s is fast, meeting the requirements of traditional servo
control. Although the S-ramp position reference can reduce
the magnitude of torque, it still fails to achieve smooth torque
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Fig. 14. Experimental comparison results under S-ramp position reference. (a)–(d) Conventional servo control structure. (e)–(h) Control structure with saturation
values set at ±1 N·m for transmission torque and ±10 N·m/s for transmission jerk.

control. Furthermore, achieving precise torque tracking requires
planning an appropriate position reference signal, which de-
mands considerable expertise and time.

However, as shown in Fig. 14(e)–(h), the motor’s position
tracking response slows down significantly, with the maximum
motor speed less than 80 rad/s. The proposed servo structure
successfully constrains Ts and Ṫ s within the saturation values,
achieving smooth torque control. The torque tracking accuracy
can be easily satisfied by simple saturation value settings. Never-
theless, the slight delay in position tracking is precisely because
of the novel servo structure sacrificing a certain degree of rapid-
ity of position tracking to pursue smoothness and accuracy of
torque tracking.

In summary, the traditional servo control structure cannot en-
sure the smoothness of transmission states and faces challenges
in achieving accurate torque tracking and safety control. How-
ever, the control structure proposed in this article can achieve
arbitrary limiting control of the transmission torque and its jerk
under different load torques and different load inertia, thereby
ensuring the transmission smoothness, safety, and accuracy of
the robotic joint servo system.

VI. CONCLUSION

In this article, the transmission characteristics of the joint
servo system is analyzed, and a limiting control scheme for the
transmission states is proposed. The analysis of the operating
characteristics of the transmission states shows that during the
dynamic operation of the system, the transmission torque and
jerk exhibit oscillation signals, which are related to inertia
ratio and oscillation frequency of the system. In particular,
both states can change drastically during the motor start-up
or sudden load phases, so limiting control is required. Instead
of the traditional servo control structure, this article proposes
a novel cascade servo control structure consisting of position,
transmission torque and jerk. The controller parameters of the
three loops are designed by the evaluation function method and
the frequency domain method. The operating characteristics
and limiting control performance of the transmission states are

verified, thus ensuring the transmission accuracy and safety of
the flexible joint servo system.

Future work will focus on the analysis of loading performance
for the studied servo control structure, and explore effective
methods for load compensation.
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