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Abstract: A distributed fault-tolerant strategy for the controller area network based electric swing system of hybrid excavators is
proposed to achieve good performance under communication errors based on the adaptive compensation of the delays and packet
dropouts. The adverse impacts of communication errors are effectively reduced by a novel delay compensation scheme, where the
feedback signal and the control command are compensated in each control period in the central controller and the swing motor
driver, respectively, without requiring additional network bandwidth. The recursive least-squares algorithm with forgetting factor
algorithm is employed to identify the time-varying model parameters due to pose variation, and a reverse correction law is
embedded into the feedback compensation in consecutive packet dropout scenarios to overcome the impacts of the model error.
Simulations and practical experiments are conducted. The results show that the proposed fault-tolerant strategy can effectively
reduce the communication-error-induced overshoot and response time variation.
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1 Introduction

The swing motion performance of the swing
platform (e.g., start—stop performance, speed smooth-
ness, and output tracking performance) is of great im-
portance for the operability of excavators. To achieve
good swing motion performance, the swing system of
excavators has to achieve good control performance.
Compared to conventional hydraulic excavators, hybrid
excavators adopt an electric swing system (ESS) to
replace the conventional hydraulic-driven swing sys-
tem. In ESS, the swing platform is driven by an electric
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swing motor, whose driver is controlled by the central
controller through a controller area network (CAN)
(Lin et al., 2010a; 2010b; Kim et al., 2012; Yao and
Wang, 2015). Since the electric motor has a smaller
damping capacity than the hydraulic motor, ESS is
more dependent on the control performance than a
hydraulic-driven swing system. Moreover, due to the
introduction of CAN, the control loop of ESS is more
vulnerable than that of the conventional hydraulic
circuit, since CAN is more prone to communication
errors than a hydraulic circuit. In practical applications,
due to the harsh working conditions, the communica-
tion errors caused by electromagnetic interferences and
various malfunctions (e.g., loose connections and cable
fatigue) are inevitable in the CAN of a hybrid exca-
vator, especially those caused by intermittent faults,
which can hardly be avoided by routine maintenance
(Gao and Wang, 2014; Lei et al., 2014). If communi-
cation errors occur in CAN, the delay of the CAN
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messages that carry the control commands and feed-
back signals of the closed control loop will increase
randomly, possibly causing packet dropouts. Ulti-
mately, network-induced delays and packet dropouts
degrade ESS’s control performance and may even
cause damage to ESS’s components. Hence, main-
taining good control performance for ESS under
communication errors is of great significance for the
safety and operability of hybrid excavators.

In the research on hybrid excavators, the structures,
control strategy, energy management, and energy re-
generation have attracted most attention (Wang et al.,
2005; Kagoshima et al., 2007; Katrasnik, 2007; Xiao
et al.,2008; Wang et al., 2009; Lin et al., 2010a; 2010b;
Kwon et al., 2010; Wang and Wang, 2014). Very little
attention has been paid to the swing motion perfor-
mance (Jin et al., 2012; Kim et al., 2014). To the best of
our knowledge, the swing motion performance of ESS
under communication errors has not been addressed.
Therefore, it is necessary to study the fault-tolerant
strategy for ESS to achieve good swing motion per-
formance under communication errors.

In the proposed context, the most important issue is
the compensation of communication-error-induced
delays and packet dropouts. In the past few decades, a
large number of studies on the compensation of delays
and packet dropouts in networked control systems
(NCSs) have been carried out, and various methods
have been proposed (Gupta and Chow, 2010; Zhang
et al., 2013). Luck and Ray (1990; 1994) reshaped the
random network delays to deterministic delays by
using two first-in first-out (FIFO) queues such that the
NCS becomes time-invariant. Then they used an ob-
server to estimate the plant states and a predictor to
implement the predictive control based on past output
measurements. Since the size of the FIFO queues is set
according to the worst delays, the dynamic model of
the plant has to be very precise to achieve accurate
predictions. Nilsson (1998) proposed an optimal sto-
chastic control method for NCS with random delay.
This method treats the effects of random network de-
lays as a linear quadratic Gaussian (LQG) problem and
gives better performance than the queue-based com-
pensation method. However, it requires the statistic
characteristics of the network delay be known in ad-
vance. Tipsuwan and Chow (2004) developed a gain
scheduler middleware (GSM), which does not require
the controller be redesigned, to alleviate the network

delay. For this method, the distribution model of the
delay should be identified and the gain scheduler has to
be updated frequently. In addition, the network traffic
will increase because of the use of the probing packet.
Tian and Levy (2008) proposed three model-free
strategies, which use the variation of the past control
commands to estimate the lost control command to
compensate for the packet dropouts in the forward
channel. The application of this method is simple.
However, the compensation effect is limited, espe-
cially when control commands vary rapidly.

Because of the various limitations of the afore-
mentioned methods, recent related studies have fo-
cused on three advanced solutions. One is to use a
robust control method in NCSs (Shi and Yu, 2011;
Shi et al., 2013; Du et al., 2014; Shuai et al., 2014).
The main idea of this solution is to model the random
delays and packet dropouts in the system model, and
then design a controller to satisfy the proposed stabi-
lization criteria based on the worst-case delay. Since
in most cases, the actual delay is smaller than the
worst-case delay, the control parameters will be
conservative and the system will not work at the op-
timal conditions most of the time. Another solution is
to use adaptive control methods (Kruszewski et al.,
2012; Rahmani and Markazi, 2013; Wang et al.,
2014). Usually, the system is modeled as a switched
system, and a series of controllers with the gain de-
pending on the size of delays are designed. During
each control period, the smart actuator receives a set
of control commands and selects one according to the
current delay size. The ranges of delays and packet
dropouts are prespecified. For this method, multiple
controllers are required to be designed, and the net-
work traffic will increase as a result of the transmis-
sion of redundant control commands. The third solu-
tion is to use predictive control methods, especially
the networked predictive control (NPC) (Liu et al.,
2007; Song et al., 2013; Yang et al., 2014). NPC
predicts the future states of the plant based on the
latest received states by using the plant model, and
generates a series of future control commands on the
controller side. Then, the controller sends all the
control commands to the actuator in one packet. The
actuator selectively chooses one control command to
be implemented in the plant according to the actual
delay in the forward channel (controller to actuator).
NPC is effective in many applications if an accurate
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plant model can be obtained. However, more network
bandwidth is required by NPC since more than one
control command is transmitted during each control
period. In addition, the enlarged packet size will in-
crease the delay of the control commands.

In hybrid excavators, CAN has several limita-
tions, which are nonnegligible in delay compensation:
(1) The network bandwidth is limited and the bus load
is usually high. The increase of bus load is unac-
ceptable since it will degrade the communication
performance, and affect the performance of all the
subsystems sharing the same network. (2) Commu-
nication errors occur randomly. The network delay
and packet dropout vary widely, and their statistic
characteristics cannot be obtained in advance. (3) The
inertia of the swing platform is time-varying. The
plant model cannot be obtained precisely. These lim-
itations make the delay compensation much more
difficult. As can be seen from the literature, none of
the current delay compensation methods can over-
come these limitations simultaneously. Therefore, it
is necessary to develop a novel delay compensation
method that can adaptively alleviate the adverse im-
pacts of delays and packet dropouts without requiring
additional network bandwidth.

This paper aims to develop a fault-tolerant
strategy based on a novel delay compensation scheme
(DCS) for ESS, so that ESS can retain normal per-
formance under communication errors. The ad-
vantages of the proposed method are as follows: First,
the bus load of CAN will not be affected by using a
distributed compensation structure since no addi-
tional signal is required to be transmitted on the CAN
bus. Second, it is applicable to various types of
communication errors, and the statistic characteristics
of communication errors are not required to be given
in advance. Third, it is applicable to time-varying
systems because of the employment of online model
identification and the reverse correction law. The
result of this work will improve the reliability of ESS,
and may also provide a new solution to NCSs with
limited network bandwidth.

2 Analysis of electric swing system
2.1 System description

Fig. 1 shows a typical configuration of the

hybrid excavator’s ESS. In ESS, the swing platform is
driven by an electric swing motor powered by a super
capacitor. The actual motor speed is detected by the
swing motor driver through an encoder. The reference
output of the swing platform, which is set by the op-
erator through the handle, is detected by the central
controller. The swing motor driver communicates
with the central controller through a CAN shared with
other subsystems. During the operation, the swing
motor is controlled by the central controller through
the swing motor driver to track the reference speed
given by the handle. The swing motor works in the
torque control mode. To achieve good tracking per-
formance, a closed control loop involving the swing
motor driver and the central controller is developed
based on CAN. The control structure of ESS is given
in Fig. 2, where the parameters are defined in Table 1.

Handle

Reduction gear

o -
! Swing motor Central
: Encoder controller
! ! A
I | | Forward | I
I [ channel v’ ——1
|_ _pp| Swing motor - —— (7’ T caN > \
river networ v
dri N twork
~—_ _ — -
| | Feedback
Super |_ | channel
capacitor

Fig. 1 A typical configuration of a hybrid excavator’s
electric swing system (CAN: controller area network)

During an arbitrary control period, the central
controller first detects the handle input and determines
the reference speed n,(k) according to the input charac-
teristic curve. Then it generates the target motor torque
T.(k) according to the speed tracking error e(k) based on
the proportional-integral (PI) control law. Afterward it
sends the target motor torque to the swing motor driver.
The swing motor driver applies the latest received target
motor torque 7(k) to the torque controller and conducts a
closed-loop torque control by detecting the actual motor
torque 7,(k) in real time. Simultaneously, the swing
motor driver samples the actual motor speed n(k) and
sends it to the central controller.
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Table 1 Parameter descriptions

Parameter Description

ny(k) Reference motor speed in the kth (k=1, 2, ...)
control period (r/min)

n(k) Newest feedback motor speed received by the
central controller in the kth control period
(r/min)

n(k) Actual motor speed in the kth control period
(r/min)

e(k) Tracking error of the motor speed in the kth
control period, where e(k)=n(k)—ny(k)
(r/min)

To(k) Target motor torque in the kth control period
(N'm)

T(k) Newest target motor torque received by the
swing motor driver in the kth control
period (N'm)

T.(k) Actual motor torque in the kth control period
(N'm)

Too(k) Delay of the feedback motor speed in the kth
control period (s)

Tea(k) Delay of the target motor torque in the kth

control period (s)

Central controller IHandle

|

I .

i | .+ n(k) || speed | input
: controller - ‘I —
|

i |
1004

____________ 7.k
77 CAN
. hetwork -
() Actual motor
r—fe—_———]—-— speed n
: n(k) Swing
I Tordue Swing speed
| _ controller platform
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T

. . Actual motor

L Swing motor driver | “orque 7,

Fig. 2 Control structure of the electric swing system (PI:
proportional-integral; CAN: controller area network)

From the above control structure, it can be seen
that the network-induced delays lead the target motor
torques (or the actual motor speeds) in different CAN
nodes to be different. The correlations are as follows:

1y, (k) = n(k =7, (), (1)
T'(k) =T, (k =7, (K)). )

In closed-loop control, the actual motor speed and
target motor torque are periodically exchanged. The

update rate of the feedback motor speed is equal
to that in the control period. The central controller is
event-triggered to receive the feedback motor speed
and time-triggered to generate the target motor torque.
The swing motor driver is event-triggered to imple-
ment the received target motor torque and time-
triggered to send the actual motor speed. The CAN
messages that carry the target motor torque and the
actual motor speed are sent in the overwriting mode.
Based on the above communication mechanism, the
delay ranges of the signals that are successfully
transmitted can be inferred as follows:

7. (k) €(0,21,), 3)
7, (k) € (0,2,), 4)

where ¢, denotes the control period. Note that the
delay denotes the time between the signal generation
and its usage.

In ESS, the update rate of the feedback motor
speed and target motor torque is limited because of the
high bus load and the limited bandwidth. The highest
update rate is designed to be 100 Hz. To achieve sat-
isfactory control performance, the delays have to be
guaranteed small. Large delay and packet dropout are
unacceptable since they will have major impacts on the
control performance of ESS.

2.2 Effects of communication errors

According to the CAN protocol (ISO, 2015), if a
communication error occurs when the CAN bus is
busy, the current transmission will be interrupted and
retransmitted. Hence, the delays will increase under
communication errors. If the delays become larger
than the corresponding message periods, packet
dropouts will appear.

In the feedback channel, if the feedback signal is
lost, the newest feedback motor speed in the central
controller is the one received in the past:

My (k) = 1y, (k= A) = n((k = )t 7 (k= 4). (5)

The corresponding target motor torque generated
by the central controller is

T.(k) =[n.(k) = n,, (k))(k, + kit.) + R, (k)

=[n, (k) = n(OI(k, + kit,) + R (k) + e(k), ©
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where

R(k)=R. (k=) +[n(k-1)—n_ (k-1)]kt,
R.(k)=R.(k=1)+[n,(k-1)—n(k - )]k,
e(k) =[n(k) —n((k = I)t, — 7. (k = 1))]

“(ky + ki) + S[ﬂ(i) =, (D]kit,,

where A; is the number of consecutive packet drop-
outs of the feedback motor speed, R.(k) and R (k)

are the actual and expected cumulative integration
before the kth control period on the central controller
side, respectively, k, and k; are the proportional gain
and integral gain of the PI controller, respectively,
and &(k) denotes the error of the generated target
motor torque.

In the forward channel, if the target motor torque
is not lost, the newest target motor torque received by
the swing motor driver is

T.(k-1), kt, <t <kt +7,(k),

(7)
T.(k), Kkt +1 (k)<t<(k+1).

T(k) = {

If the target motor torque is lost, the newest
target motor torque received by the swing motor
driver is the same as that received in the past:

T(k)=T(k~ /12)|(kfﬂg)tc+rm(k)£t<(kfﬂ,z+])tc
=T, (k- 4,),

(8)

where 4, is the number of consecutive packet drop-
outs of the target motor torque.

From Eq. (6), it can be seen that the communi-
cation errors in the feedback channel lead the gen-
erated target motor torque to be inaccurate, owing to
the inaccurate motor speed used in the calculation. In
addition to the current packet dropout, delays and
packet dropouts that occur in the previous control
periods affect the error &(k). From Egs. (7) and (8),
the communication errors in the forward channel
lead the control action to be inaccurate, owing to the
mismatch of control commands. Hence, the adverse
impacts of communication errors can be reduced by
correcting the feedback motor speed and the control
action.

2.3 Plant model

In ESS, the motor speed is related to the dy-
namics of the plant which consists of the swing motor
and its driver, and the swing mechanism. Because of
the pose variation of the swing platform, the plant
dynamics is time-varying. Therefore, the plant model
should be identified online for correcting the feed-
back motor speed. The plant is a nonlinear system and
many factors will affect its model parameters. To
simplify the analysis and control design, we model
only the main dynamic characteristics of the plant.
The negligibility of the neglected dynamics will be
examined by practical experiments.

As shown in Fig. 2, the main dynamics of the
plant contain the response of motor torque and the
dynamics of the swing mechanism which consists of
the motor shaft, the reduction gear, and the swing
platform. Compared to the swing mechanism, the
response of motor torque is very fast since it is
equivalent to the response of motor phase current.
Therefore, a first-order model is used to describe it:

Le__ 1

W=7

)

b
T s+1

where 7, is the time constant of the torque response.
For swing mechanism, we regard the motor shaft,
reduction gear, and swing platform as a whole, which
is equivalent to a rotating rigid body with variable
inertia. Then we model its dynamics as follows:

n(s) 30K /=

G (s)= s
() T.(s) Js+b,

(10)

where K. is the reduction gear ratio, and J,, and b, are

the equivalent rotary inertia and equivalent damping

coefficient of the swing mechanism, respectively.
Based on the above analysis, the plant model is

30K, /n
Jpz'ms2 +(,7, +J,)s+b, '

p°“m

G(s)=

(11)

From Eq. (11), it can be seen that the plant can be
regarded as a second-order system where the model
parameters vary with the pose variation of the swing
platform.
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3 Distributed fault-tolerant strategy

From the analysis in Section 2, the main idea of
DCS is as follows:

1. making the feedback motor speed n,(k) as
close as possible to the real-time actual motor speed
n(k);

2. making the control action of the implemented
target motor torque 7(k) as close as possible to that of
the generated target motor torque 7.(k).

Based on the above DCS, the fault-tolerant
strategy is developed as shown in Fig. 3. The main
idea is to adaptively compensate for the feedback
motor speed and the target motor torque in the central
controller and the swing motor driver by using the
‘feedback compensator’ and ‘forward compensator’,
respectively. The compensations are carried out ac-
cording to the real-time delay and packet dropout
detected by the ‘delay’ and ‘packet dropout detector’
based on the online delay estimation method pro-
posed by Gao et al. (2015). The real-time plant model
parameters required by the ‘feedback compensator’
are identified online by the ‘model identifier’ based
on the recursive least-squares algorithm with a for-
getting factor (FFRLS algorithm) (Beza and Bon-
giorno, 2014). The details of the proposed strategy are
explained below.

3.1 Identification of model parameters

The plant model parameters change with the
pose variation of the platform. To improve feedback
compensation, the plant model parameters should be
identified online since the current motor speed is
estimated based on the plant model. In addition, since
the PI controller is discrete, the discrete-time model
equivalent to the plant model given by Eq. (11)

Central controller

is required:

-1 -2
by +bz" +bz

G(z) = . (12)

1 _
I+az +a,z
The model parameters a,, a,, by, by, and b, are

identified online by using the FFRLS algorithm:

0(k) = 0(k —1)+ K (k)[n,_ (k)
—H" (k-1)0(k-1)],
K(k)=P(k—1)H (k- D)[5(t)
+H " (k-D)Pk-DH(Kk -], (13
1 T
P(k)= %[1 ~K(H" (k-1 ]
P(k-1),

where 6=[a,, a>, by, b1, b>]", 0<6<1, and

H (k) =[-n,(k=1), = n, (k- 2),
T(k), T.(k = 1), T,(k = 2)T',

where P is a covariance matrix, @ is the model pa-
rameter vector needed to be identified, H is a vector
that consists of the observation data, and &¢) is the
forgetting factor.

Since the rotary inertia usually abruptly varies in
the start and stop stages, but relatively slowly in the
swing stage, the forgetting factor during the start and
stop stages can be set larger than that in the swing
stage to improve the identification accuracy. There-
fore, the forgetting factor is determined according to
the variation of motor speed:

50— {51, B, () <&, (14)
6,, An,(k)=¢,

Swing motor driver

Forward T
compensator

K

Delay and packet dropout
detector

Torque
controller

n, T, |

— Ll PIcontrolier L/
! y
| Y |

a,, a,, Model {

| 7 e T I CAN
: m |y b, b, |der:t:ﬁer | I. network
| Feedback n : A ]
|| compensator | m |
P ; |
| | Delay and packet dropout |
I detector |
.- - _ __ ____—_ __ a

Fig. 3 Distributed fault-tolerant strategy for the electric swing system (PI: proportional-integral; CAN: controller area

network)
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where Any(k)=ny(k)-nn(k—1) and 6;>5,.
The threshold £ and the value of &), denoted by
o1 and 6, respectively, are empirically determined.

3.2 Detection of delays and packet dropouts

In previous work, we have studied the online
acquisition of communication delays in CAN (Gao
et al., 2015). However, since it covers only the cases
where no communication error occurs, in this study,
we extend this approach to the cases with communi-
cation errors. The details of the extension are as
follows.

As presented in our previous work (Gao et al.,
2015), the message response time (MRT), which is
the delay induced by CAN, can be obtained in two
ways. The first way is to estimate MRT by using the
‘reference message instance’, which is a message
instance satisfying certain conditions. In this way, the
result may be inaccurate when communication errors
occur. The second way is to estimate MRT by using
‘incremental estimation’. In this way, a relatively
accurate result can be obtained under communication
errors unless the ‘incremental estimation’ is consec-
utively used for a long time. Hence, the MRT of the
message instance that carries the feedback motor
speed or the target motor torque in the kth control
period can be estimated as follows:

R, (k). |R, (K)-R, (k)|<e,

Ral)= {Rm] ®), IR, (0)-R, (0)]> 2,

where R, (k) and R, (k) are the MRTs estimated in

the first way and the second way, respectively, and &
is a threshold empirically determined in advance.

After obtaining MRT, the communication delay
of the message instance can be derived as

o(k) =R, (k) + 7. (k), (16)

where (k) denotes the computation delay in the
central controller or the swing motor driver.

Based on the obtained delay and the recorded
receiving timestamp, the start moment of the message
instance is

t,(k) =t.(k) —z(k), (17)

where t(k) and t(k) are the start moment and the
receiving timestamp, respectively.

Then, based on the obtained start moment, the
deadline of the next message instance that carries the
feedback motor speed or the target motor torque is

ty(k+1)=t (k)+2t,. (18)

If the next message instance has not been re-
ceived before t4(k+1), it can be asserted that the
message instance is lost. However, by using this cri-
terion, the packet dropout can hardly be compensated
for, since the impacts have already been caused when
the packet dropout is detected. Therefore, we use a
more conservative criterion for the detection of
packet dropout by modifying the deadline as

tik+1)=¢t(k)+1.5t.. (19)
Since the compensation of the delay larger than

half the control period is similar to that of the packet

dropout, the conservative criterion is acceptable.

3.3 Feedback compensation

According to the model given by Eq. (12), the
actual motor speed in the kth control period is

n(k) =—an(k —1)—a,n(k -2) 20
+b,T(k)+bT(k-1)+b,T(k-2)+ w(k), (20)

where @ (k) denotes the error caused by the model
error. From Eq. (20), it can be seen that the current
motor speed can be estimated according to the past
motor speed and the past target motor torque if the
model error is not considered. Based on this, the
feedback compensation is designed as the following
steps:
1. Estimate the current motor speed:

k) = —adi (k1) —ayi (k—2) .
FBL.(0) + BT (-1 +b,T (k-2), TP

where 71_(k—i) (i=1, 2) is the previous compensated
value.

2. Determine the compensated value of the
feedback motor speed used in the calculation of target
motor torque:
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n, (k), 7,.(k)<0.5¢,
n(k), otherwise.

n, (k) = { (22)

3. Reverse the correction

Because of the model error, the estimation error
caused by Eq. (21) is not negligible. To avoid the
cumulative estimation error, we introduce a reverse
correction to the past estimated values when receiving
a new feedback motor speed. Assuming that a new
feedback motor speed is received in the (k+1)th con-
trol period, the correction is as follows:

If 7, (k+1)<0.5¢,,

n (k+)=nk+D)=n_(k+1),
> Ak) = (k) + hn, (k +1) = (=, (k) - i, (k ~1)
+ T (k+ 1)+ b T (k) + b,T (k=D))],
N ﬁm (k) — {'}m (k)9 2-sc (k) < O’Stca
n(k), otherwise.

If 0.5¢<t.o(k+1)<1.5¢,

i, (k) = (k) = n, (k +1),

— ik —=1) = ii(k = 1) + h[n_ (k +1) - (—a,ii,, (k —1)
—ayn, (k=2)+ b, T (k) +bT (k-1)
+b,T,(k=2))],

A h—1)= {nm(k -1, 7. (k-1)<0.5¢,

n(k—1),  otherwise.
-, (k+1)=n(k+1)
=—aj, (k)—a,n (k—1)+b,T (k+1)
+b5T (k) +b,T (k-1).

If 1.5¢<t.o(k+1)<2t,,

n (k—-D=nlk-1)=n_(k+1),
—>ak-2)=nk-2)+h[n_ (k+1)—(-an_ (k-2)
—a,n, (k=3)+bT.(k-1D)+bT (k-2)
+b,T,(k-3))],
i (h-2)= {rjm (k=2), 7 (k- ?) <0.5¢,,
n(k —2), otherwise,
— 7, (k) =n(k)
=-an, (k-1)—a,i (k—-2)+b,T (k)
+ BT, (k—1)+b,T,(k-2),
- (k+)=nk+1)
=—aj (k)—a,n (k=1)+bT (k+1)
+ BT, (k) +b,T, (k—1),

where /4 is the correction coefficient. It can be simply
taken as 1 or optimally determined by simulations.

Note that we use the target motor torque gener-
ated by the central controller instead of that imple-
mented by the swing motor driver in feedback com-
pensation. Hence, the compensation accuracy will be
affected by that of forward compensation.

3.4 Forward compensation

According to the PI control law, the increment of
the target motor torque generated by the central con-
troller is as follows:

AT.(k)=T.(k) = T.(k 1)
=[n,(k)—n (k=D +n,(k=1) (23)
=1y, (1K, + Kyt )+ AR, (K),

where

AR, (k)= R,(k) = R.(k~1)
= [T,k =1) = Ro(k =Dk, [k, +kt,).

From Eq. (23), it can be inferred that the lost
target motor torque may be obtained by the swing
motor driver based on the previously received one.
Hence, forward compensation can be designed based
on Eq. (23). However, since the reference speed is
unknown on the swing motor driver side, Eq. (23)
cannot be directly used in forward compensation.
Therefore, we assume that the reference speed does
not change during the packet dropouts, that is,
n(ky=n.(k—1). If the number of consecutive packet
dropouts is not very large, this assumption is appro-
priate since the handle input changes slowly com-
pared to the control period, which is 10 ms. Based on
the above assumption, the forward compensation is
designed as follows:

When the data packet is not lost, the compen-
sated value of the target motor torque is as follows:

If 0<z.,(k)<0.5¢,,

T(k)=T(k). (24)
If 0.51,<te,(k)<5t,,

(k) = T(k) + [n(k —1) = n(k)I(k, + k)

25
+ AR(k), 22
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where

AR(K) = R(k) - R(k - 1)
=[T(k)— R(k =Dk, / (k, + k),

where R(k) is the cumulative integration before the
kth control period on the swing motor driver side.

When the data packet is lost, the compensated
value of the target motor torque is

T(k)y=T(k —1)+[n(k =1)—n(k)]

(26)
“(k, + ki) + AR(k),

with
AR(k) = R(k) — R(k 1)
=[T(k=1)— R(k - Dkt, [(k, + kit,).

It is worth noting that the above forward com-
pensation is also an approximate compensation al-
though it is adequate.

4 Simulation studies

Simulation studies based on MATLAB/

Simulink are conducted to validate the proposed DCS.

First, the simulation model is presented. Then, the
effectiveness of the proposed DCS for different de-
lays and packet dropouts is examined. Whether the
model error will degrade the effectiveness of the
proposed DCS is also studied.

4.1 Simulation model

The simulation model is shown in Fig. 4. The
reference speed is generated by the ‘signal input’.
Since ESS executes the start—turn—stop action most of
the time, the step-function signal with an amplitude of
500 r/min is used as the reference speed. The PI
controller is realized by the ‘controller’, where
feedback compensation is also realized. Forward
compensation is realized by the ‘compensator’. The
compensation algorithm can be inactivated or
activated. The delays and packet dropouts are
generated by DG _f, DPG _f, DG _fd, and DPG _fd,
respectively. In different simulations, the delays and
the number of consecutive packet dropouts are fixed
or set to be random. Unless specifically noted, the
delays and packet dropouts in these two channels are
set to be the same. The plant of ESS is imitated by the
‘ESS model’. The plant model parameters are
identified by a test in which the arm cylinder, boom
cylinder, and bucket cylinder of the hybrid excavator
all stretch out to the end. The identified parameters
are given in set 1 of Table 2. The equivalent
continuous-time model is

_ —0.0382s” —3.796s + 768.8

G
() & —70.135 + 5.403

@7

The control cycle is ¢£.=0.01, and the correction
coefficient is ~A=1.

To test whether the model error will degrade the
effectiveness of the proposed DCS, another parameter
set, given in set 2 of Table 2, is identified from

jiks

num(s) Scope

cmp_stochastic—pp»| den(s)
en(s

ESS model

\A 4

Compensator

Signal input
Delay
DG_fd PI_stochastic
Dropouts Controller
DPG_fd |
Digital clock
12:34

ZOH4 DPG_f

ZOH3 DG_f

Fig. 4 Simulation model used to validate the proposed delay compensation scheme for the electric swing system (ESS)
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Table 2 Identified model parameters of the plant

Set a a bo b1 b2
1 —1.4804 0.4808 —0.0281 0.0850 0
2 —-1.5804 0.5813 —0.0633 0.1036 0

another gesture where the arm cylinder retracts half of
the trip from the gesture used to identify set 1. By
using the plant model determined by set 2 in the
feedback compensation and using that determined by
set 1 in the ESS model, the model error is imitated.

The four settings that will be used are given in Table 3.

The ‘normal condition’ used in the following
indicates the condition without delays or packet
dropouts. The performance under the normal
condition is the expected performance.

Table 3 Simulation settings

Delays Status of Model Model

Setting and compensa- used in used in

packet tion compensa-  the ESS

dropouts  algorithm tion model
A Fixed Inactive Set 1 Set 1
B Fixed Active Set 1 Set 1
C Fixed Active Set 2 Set 1
D Random Active Set 1 Set 1

ESS: electric swing system

4.2 Evaluation of compensation effects

First, the model is set with setting 4 to examine
the impacts of the delays and packet dropouts on ESS.
One of the simulation results is given in Fig. 5, from
which we can see that both the delays and the packet
dropouts will increase the speed overshoot and de-
crease the speed response time. Since the overshoot
and response time can reflect the main performance of
interest (operability and comfort), we use them as
evaluation indexes in the following studies. The
overshoot and response time under the normal condi-
tion are 0 and 411 ms, respectively.

The overshoots and response time under differ-
ent delays and consecutive packet dropouts are given
in Figs. 6a and 6b, respectively, from which we can
see that the overshoot will increase as the number of
consecutive packet dropouts and delay increase, and
the response time will increase as the number of
consecutive packet dropouts increases and will de-
crease as the delay increases. From the aspect
of overshoot and response time, the greater the

600
500 - - - - - e e
£ 400[-- - - Y/
E I
- 300f------- R /A
g | ‘ ‘
& oo0l------- ' Normal condition
§ / With 8 ms delay
§ ------- With 3 packet dropouts

100} - - - - -

0 0.2 04 0.6 0.8 1.0
Time (s)

Fig. 5 Effects of delays and packet dropouts on the electric
swing system

difference between the actual value and the expected
value, the more serious the performance decline.
Hence, the proposed strategy can be claimed to be
effective only if the overshoot and response time with
compensation become closer to the expected values
than those without compensation.

Second, to evaluate the compensation effects of
DCS for varying degrees of delay and packet dropout,
the model is set with setting B. The overshoots and
response time with compensation are shown in Figs.
6¢ and 6d, respectively. By comparing Fig. 6¢ with
Fig. 6a, we can see that the overshoots under different
delays and packet dropouts are effectively suppressed
to <2% by the proposed DCS. By comparing Fig. 6d
with Fig. 6b, it can be seen that the response time with
compensation becomes closer to the expected value
(411 ms) if the number of consecutive packet drop-
outs is not large. However, if the number of consecu-
tive packet dropouts exceeds a threshold (e.g., the five
packets in Fig. 6d), the compensation becomes ex-
cessive and leads ESS to respond more slowly than in
the normal condition.

Third, we set the model with setting C to check
whether the effectiveness of the proposed DCS is
affected by the model error since the online identified
plant model has some errors. The results are given in
Figs. 6e and 6f. By comparing Figs. 6e and 6f with
Figs. 6¢ and 6d, respectively, we can see that the
compensation effects with model error are similar to
those without model error except that the threshold,
above which the compensation effects degrade, is
lightly affected. Hence, the proposed DCS is tolerable
to the model error.
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Fig. 6 Overshoots (a) and response time (b) without compensation, overshoots (c) and response time (d) with compen-
sation and no model error, and overshoots (e) and response time (f) with compensation and model error under different

delays and consecutive packet dropouts

Finally, the model is set with setting D to val-
idate the proposed DCS to more general communi-
cation errors. The random delays and packet drop-
outs used in the simulation are given in Fig. 7. From
the simulation results given in Fig. 8, we can see that
the proposed DCS is effective for random commu-
nication errors.

Generally, the proposed DCS can improve the
ESS’s control performance under random communi-
cation errors if the number of consecutive packet
dropouts is not large. The improvement will degrade
when the number of consecutive packet dropouts
exceeds a threshold. The model error has little impact
on the compensation effects.

Number of

Delay (ms) dropouts Delay (ms) dropouts

Number of

=
o

@ o Moo
ot Ilac.n ot [0 fland
O ’,,,,,,,,,, ? _
ol Mgl P Fo ol Pl g
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ol fldal r’Inr‘LJ [l
10 T x

@ . Moomoaon.
oAl adal r’InﬁmJ [N

0 5 10 15

Time (s)

Fig. 7 Packet dropouts (a) and delays (b) in the forward
channel, and packet dropouts (c) and delays (d) in the
feedback channel
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Fig. 8 Compensation effects of the proposed delay com-
pensation scheme for random delays and packet dropouts

5 Experiments and results

In this section, experiments are carried out to
validate the proposed fault-tolerant strategy to the
actual ESS since nonlinearity and some detailed dy-
namic characteristics of ESS are neglected in previ-
ous simulations.

5.1 Experimental setup

Fig. 9 gives the hybrid excavator used in the
experiments. The CAN, based on which ESS is con-
trolled, has six nodes. The messages that carry the
target motor torque and feedback motor speed are
both sent with a period of 10 ms. The communication
errors are imitated by selectively sending or receiving
message packets. The numbers of consecutive packet
dropouts in the forward and feedback channels are set
to be one and two in all tests, respectively.

Fig. 9 Hybrid excavator with the electric swing system

5.2 Experimental results

The experimental results of a step response test
are shown in Fig. 10 and Table 4, from which we can

see that the overshoot without compensation (19.8%)
is much larger than that in the normal condition
(5.0%), and the overshoot is reduced to 8.4% by ap-
plying the proposed fault-tolerant strategy. The re-
sults agree well with the simulation results.

600

£ 500
£
= 400
°
2 300} ---ff- -
& . Normal condition
5 200F- - Ju-.- .. - Without compensation - . |
° L e With compensation
= 100f--f - T o A
0 : : : :
0 1 2 3 4 5

Time (s)

Fig. 10 Step response of the electric swing system with
two packet dropouts in the feedback channel and one
packet dropout in the forward channel

Table 4 Overshoot of step response in different scenarios

Scenario Overshoot (%)
Normal condition 5.0
Without compensation 19.8
With compensation 8.4

Fig. 11 shows the speed response of ESS during
an arbitrary operation. As can be seen from Fig. 11, if
the packet dropouts are not compensated, the motor
speed fluctuates obviously during the operation, espe-
cially during the period between 3.8 and 6.0 s. During
the operation, the operator can obviously feel the
wobbles of the swing platform. The wobbles not only
degrade the comfort but also may cause damage to the
motor shaft. Nevertheless, the wobbles can be effec-
tively suppressed by the proposed strategy so that the

2200 —
2100} - - - - -
2000} - - - - - fi-

1900} - - - -
1800} - -

Normal condition
[ —— Without compensation
e With compensation

Motor speed (r/min)

1700 -
1600

3 4 5 6 7 8 9 10
Time (s)

Fig. 11 Speed response of the electric swing system during
an arbitrary operation
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swing motion performance is almost the same as that
in the normal condition. Therefore, the proposed
fault-tolerant strategy can help ESS perform well
under communication errors.

6 Conclusions

In this paper, we proposed a distributed
fault-tolerant strategy to eliminate the adverse im-
pacts of communication errors for the ESS of a hybrid
excavator. A novel DCS, where the feedback signal
and the control command of the closed control loop
are independently compensated for in the central
controller and the swing motor driver, respectively,
was introduced, so that the communication perfor-
mance of CAN would not be degraded further by the
proposed strategy. By applying DCS, the adverse
impacts of the delays and packet dropouts caused by
communication errors could be adaptively eliminated.
To improve feedback compensation, the FFRLS al-
gorithm was employed to identify the plant model
parameters online and a reverse correction law was
developed. By conducting simulations and practical
experiments, the proposed strategy was verified to be
effective for ESS. Future work includes improving the
fault-tolerant ability of the proposed strategy, studying
the system stability when using the proposed strategy,
and extending the proposed DCS to other NCSs.
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