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In swing system of excavators, energy recuperation and hybrid actuation is desirable to improve Received 11 September 2016
energy efficiency because of its characteristic large inertial load and cyclic operation. Numerous Accepted 7 August 2017
studies have focused on optimisation of hybrid structures and power management strategies,
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whereas only a little attention has been paid to the control performance of hybrid swing drives. MIMO QFT; secondary
This paper investigates the control problem of the secondary controlled hybrid swing drive control; hydraulic hybrid
and employs multi-input multi-output quantitative feedback theory (MIMO QFT) for controller swing; uncertainty; excavator
synthesis. Considering parametric uncertainties in load variation, viscous friction and bulk
modulus, a two-input two-output QFT control scheme is constructed according to specifications
given by robust margin, sensitivity reduction and tracking performance. Through simulation
evaluation, the MIMO QFT controller shows excellent tracking performance over the defined
range of uncertain parameters and much better robustness as compared to a well-tuned PI
controller. The synthesis process is visualised, which is practical and promising for its further use
in industrial settings.

1. Introduction Komatsu proposed a hybrid excavator with electric stor-
age devices, which reduced up to 41% of fuel consump-
tion (Inoue 2008). However, these hybrid excavators
use electric motors with large rated power and corre-
sponding storage devices. They are costly with low power
density (Pettersson and Tikkanen 2009). The large and
frequent variation in load power also makes the batteries
or capacitors work in severe conditions, which makes
the expected life cycle a serious issue (Ochiai and Ryu
2008). Caterpillar (2012) commercialised an excavator
with hydraulic hybrid swing system, to capture the swing
braking energy of the upper structure in accumulators,
and then release the energy during swing acceleration.

In academia, Wang et al. (2005) conducted a simu-
lation study evaluating energy efficiency of series and
parallel electric hybrid schemes applied to excavators.
Xiao et al. (2008) investigated several control strategies
of power system on electric hybrid excavators and pro-
posed a dynamic-work-point control scheme. Tae-Suk
Kwon et al. (2010) compared three structures for a hybrid
excavator with a supercapacitor, and proposed a power
control algorithm for the engine and the supercapacitor.
Yoon et al. (2013) proposed an electric hybrid scheme
on a 5-ton excavator with each hydraulic actuator driven
by an electric motor/generator. Researchers at Purdue
University (Williamson et al. 2008, Zimmerman et al.

Excavators are extensively used in various kinds of earth-
work construction sites. Faced with challenges posed
by fuel consumption and exhaust emissions, efficiency
improvement of excavator powertrain systems is in high
demand (Vukovic and Murrenhoff 2015).

Given the large inertial load and cyclic operation, it
is ideal to implement energy recuperation and hybrid
actuation on excavators (Pettersson 2009). Energy recu-
peration is achieved by storing rotational kinetic energy
or potential energy with energy storage devices and then
reusing it for acceleration. Hybrid actuation implies
more than one power sources are utilised in a system.
Normally, a diesel engine is chosen as the prime mover,
and energy storage devices, such as batteries, capacitors
and accumulators, are used as backup power sources.
A hybrid powertrain system using regenerative energy
can compensate for power deficiency at peak operat-
ing points, which will ultimately cut down the engine
size and improve fuel efficiency. According to Lin et al.
(2010a) in a typical digging duty cycle, potential energy
in the boom and kinetic energy in the swing circuits
constitute most of the recoverable fuel consumption.

Among numerous original design manufacturers,
Kobelco developed a 6-ton hybrid excavator to cut
energy consumption by 40% (Kagoshima et al. 2007).
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2011, Hippalgaonkar and Ivantysynova 2013) imple-
mented a series—parallel hydraulic hybrid displacement
controlled scheme on a 5-ton prototype excavator with
optimal power management to improve fuel economy.

While most studies have focused on hybrid structures
and power management strategies of the powertrain
to optimise fuel consumption, only a few studies have
examined dynamic control issues of hybrid excavators
(Jin et al. 2012). Hybrid power systems were first suc-
cessfully implemented on automobiles, which are quite
different from those on construction machinery. Due to
large and frequent load fluctuation and also the config-
uration of multi-actuators, dynamic control of hybrid
excavators is more challenging than that of hybrid vehi-
cles (Lin et al. 2010b).

With excellent dynamics and capacity of energy
recuperation, a secondary controlled hydraulic hybrid
swing drive is a notable technology for energy efficient
excavators. As shown in Figure 1, it is composed of a
primary unit (variable displacement pump) and a sec-
ondary unit (variable displacement pump/motor) with
corresponding charging circuits. Through displacement
control of the primary unit, the system working pressure
can be regulated without throttling losses. Meanwhile,
either position or velocity of the excavator rotating part
can be controlled by regulating the displacement of the
secondary unit. Additionally, energy recuperation and
reutilisation can be achieved through control of accumu-
lator’s state of charge. The secondary unit can behave as
either a motor or a pump depending on operation and
loading situation.

Since the introduction of this concept, a number of
studies were conducted on actuator position, velocity
or torque control, but only to achieve low performances
due to the open-loop structure or the high nonlinear-
ity. To improve static and dynamic performances and
to facilitate the implementation, Berg and Ivantysynova
(1999) proposed a position and velocity control scheme
for a secondary controlled hydraulic drive assuming
constant working pressure. Pettersson and Tikkanen
(2009) outlined the potential of secondary control in an
excavator swing drive and discussed safety concepts to
handle system failures. Ho and Ahn (2012) implemented
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Figure 1. Schematic diagram of secondary controlled hydraulic
hybrid swing system (Busquets and Ivantysynova 2014).

a hierarchal control strategy on an energy regenerative
closed-loop hydrostatic transmission and designed an
adaptive fuzzy sliding mode controller for speed con-
trol of the secondary unit. To overcome the limitation
of assuming constant high operating pressure, Busquets
and Ivantysynova (2014) synthesised a robust multi-in-
put multi-output (MIMO) H-infinity controller for the
control of swing velocity and the accumulator’s state of
charge. To improve the position and velocity tracking
performance, Busquets and Ivantysynova (2015) further
proposed an adaptive robust controller for motion con-
trol of the secondary controlled hydraulic hybrid swing
system.

A secondary controlled hydraulic hybrid swing drive
is characterised as fast dynamics, high power density
and unrestricted four-quadrant operation. It is capable
of recuperating energy and has better energy efficiency
as compared to a valve-controlled hydraulic system. In
spite of all the advantages, secondary controlled hydrau-
lic hybrid drives are found in few industrial applica-
tions, which is mainly due to the complexity of control
schemes (Pettersson 2009).

In most construction sites, unknown operating and
loading modes cause time-variant swing inertia in a
duty cycle, which subsequently induce variations in
working pressure, friction properties and bulk modu-
lus (Yao et al. 1998). Different environmental stiffness
and rapidly changing ground slope also cause swing
torque variation, which are time-variant, not easy to
describe and ultimately captured on system pressure
and load velocity. They should be considered as external
disturbances to be suppressed. Although excavators are
normally designed with an intentional load sensitiv-
ity to give operator feedback as to the applied force,
this undoubtedly sacrifices the excavators’ control per-
formance, especially when the load varies drastically.
Whereas in teleoperated or automated excavation, force
feedback signals are adopted to give the operator or
supervisor clear information about the interaction with
the unknown environment. Therein, minimising load
sensitivity is required to maintain robust control per-
formance against various environment. All these issues
form uncertainties and make it ideal for implement-
ing the practical frequency domain method, quanti-
tative feedback theory (QFT), for controller design to
achieve robust performances of the hydraulic hybrid
swing drive. With parametric uncertainties and desired
specifications shown on Nichols chart quantitatively,
the design process and also trade-offs between perfor-
mances and controller complexity can be visualised,
which is very useful in practice. Note that a secondary
controlled hydraulic hybrid swing system is a two-input
two-output configuration in nature. Therefore, it is nec-
essary to investigate the implementation of MIMO QFT.
According to Lee et al. (2000), other available MIMO
robust synthesis approaches, such as p-synthesis, do not
always have all the desired properties. Such controllers



may have exceedingly high orders and exhibit reso-
nances or instability. The use of weights with increasing
orders for tuning purposes may not be as transparent
as QFT tuning which does not involve weights and is
executed directly on the open-loop frequency response.
Advantages of using QFT over H-infinity design pro-
cedure have also been addressed by Chait and Hollot
(1990).

This paper is aimed to propose a MIMO QFT con-
troller synthesis approach for hydraulic hybrid swing
system of excavators. Considering parametric uncertain-
ties in load variation, viscous friction and bulk mod-
ulus, a two-input two-output QFT diagonal control
scheme can be constructed to meet specifications given
by robust margin, sensitivity reduction and tracking.
During the process, environmental interferences are
considered as output disturbances to be suppressed.
Through simulation evaluation, the corresponding con-
troller performances are verified based on both step and
time-variant reference inputs. Compared with previous
studies, through quantifying and visualisation in the
design process, the two-input two-output QFT diagonal
control scheme greatly reduces the design complexity.
Meanwhile, excellent tracking performance and robust-
ness are achieved.

The rest of this paper is organised as follows.
Modelling of the hydraulic hybrid swing drive is pre-
sented in Section 2. QFT design framework is introduced
in Section 3. A two-input two-output QFT diagonal
control scheme for the secondary controlled hydrau-
lic hybrid swing system is synthesised in Section 4.
Simulation evaluation of the proposed controller is
carried out in MATLAB/SIMULINK environment in
Section 5. Conclusions are given in Section 6.

2. Modelling hydraulic hybrid swing system

Modelling of the system is based on the state space
description by Busquets and Ivantysynova (2014).

The pressure buildup equation of the secondary con-
trolled hydraulic hybrid swing drive can be expressed as:

: 1 n,V,b
Prp = C_H<n1V1ﬂ1’71 - %) (1)

where p, is the working pressure of the high pressure
chamber, n and n, are the speeds of the primary and sec-
ondary units, V| and V, are the corresponding maximum
volumetric displacements, B, and f3, are the normalised
proportion of the maximum displacements, #, and 7, are
the unit volumetric efficiencies considering internal and
external leakages, and C,, is the hydraulic capacitance,
due to fluid compressibility and the accumulator.

The rotating part of the excavator, including the cab,
linkages, payload, etc., is herein referred to as the upper
structure. The dynamics of the upper structure can be
described as:
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where J is the combined inertia of the upper structure,
which varies with the posture and payload, ¢ is the
angular position of the upper structure, i . is the total
gear ratio between the secondary unit and the upper
structure, 7 is the mechanical efficiency of the second-
ary unit, b is the viscous friction coefficient, and T . is
the non-linear friction considering Stribeck effect. With
reference to Armstrong and Canudas de Wit (1995), T
can be expressed as:

T = (T. + (T,, — T.)e"“1"M)sign(¢) (3)

where T_is the Coulomb friction torque, T, , is the
breakaway friction torque, c_ is a transition approxima-
tion coeflicient.

Since the combined dynamics of the control valve
and the swash plate is generally much faster than that of
the hybrid swing system, they can be ignored. Besides,
the non-linear friction, T , is neglected for the pur-
pose of linearisation. Its effects are to be constrained
to some extent in disturbance rejection at the control-
ler design stage, which will be verified in Section 5. To
avoid numerical errors in computation, a scaling factor,
S. is introduced such that p, , = p, /S.. It is noted that
n, = @irgr/Q2x). Given input u = [u,, u,]" = [B,, 8,]",
output y = [y, y,]" = (Php> @]", and state variables
definedasx = [x,, xz]T = [ﬁhp, @]" the state space model
of the secondary controlled hydraulic hybrid swing drive
is then described as:

. 1 ViirorXaly
%, ===\ nVinu - —— (4)

1= CyS. 2nn,
) 1{ VyirorhS.xu
x2=7<%_bxz (5)

Utilising Taylor series expansion and neglecting the
higher order constant infinitesimals, the linearised state
space model in matrix form is expressed as:

NEHLHEE
X | 2 u,
AERCRE
Y2 | % | Uy

0 _ Vairortyrs Vo Viox
—ch S 1 _ 11:01 2ref.
where A = ; 2% = CuSe 22Cy1,S.
VairorhSctrer _b > B 0 VairortSie |
2x] ] 2n]

C=[1 0],andD=[0 O].
0 1 0 0
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Table 1. Nominal values and uncertainty ranges of parameters.

Value
Parameter Symbol Range Nominal
Maximum displacement of pump (m>3/rev) v, - 40x107°
Maximum displacement of motor (m3/rev) v, - 40%x10°°
Total reduction ratio for - 60
Mechanical efficiency n - 0.8
Volumetric efficiency of the pump n - 0.9
Volumetric efficiency of the motor n, - 0.9
Speed of the pump (rev/s) n, - 40
Scaling factor S, - 35x 108
Rotating viscous coefficient (Nms/rad) b [5000, 15,000] 5000
Inertia of the upper structure (kgm?) J [2000, 10,000] 2000
Hydraulic capacitance (m°/N) G, [1x107,1%x 107" 1x 10710
Reference value of u, Uyt [-1,1] 0
Reference value of x, X e [0.286, 1] 0.714
Reference value of x, (rad/s) Xyye [-1,1] —-0.0375

Therefore, the plant transfer function from u to y is
represented as:

P=CIs—A) 'B+D=

s Vayirortes m Vi, _ Vairor X

) 272Cyn,S, CyS. ,2”CH’715L-

_ VaigornS ity s+ b 0 VyinorSeXise
2x] J 2x]

®)

The nominal values of parameters and their uncertainty
ranges used in controller synthesis and simulation anal-
yses are listed in Table 1. Note that some of the system
parameters are adopted from Busquets and Ivantysynova
(2014),i.e. b, ], So Cip 1 Uy X, p X, HOWeVeET, sOme
other parameters involved in their controller design are
not fully specified. Based on excavators’ technical data
and the authors’ experience, the values of V|, V, n,
1, and 7, are specified as in Table 1.

TOT’

3. QFT

QFT is a frequency domain method for designing a low
bandwidth robust controller to achieve desired plant
output responses in the presence of plant uncertainties
and unknown disturbances (Yaniv 1999). As this design
technique is graphically based, QFT can quantitatively
show the exact levels of plant uncertainty, desired spec-
ifications and control efforts on Nichols chart. In turn,
designers can obtain a direct insight into the trade-offs
among them and prevent overdesign while formulating
design iterations through the QFT Toolbox (Borghesani
et al. 2003). In this section, SISO QFT controller design
framework is described, followed by extension to MIMO
QFT problem. Note that the notations used by Yaniv
(1999) are adopted.

3.1. SISO QFT problem

A typical two DOF single-input single-output (SISO)
unity feedback system is depicted in Figure 2, consisting
of a plant P, a controller G and a pre-filter F. d is the
disturbance at the plant output.

controller

plant

prefilter

Figure 2. Single-input single-output two DOF unity feedback
system with output disturbance.

When designing a controller, usually one or more typ-
ical performance specifications are selected to conduct
the synthesis according to requirements.

(1) Robust margin: the gain and phase margin is
bounded by' £| < m(w), forw > w_;
14PG m

(2) Sensitivity reduction (output disturbance rejec-

tion): the transfer function from the distur-
bance at the plant output to the plant output is

bounded by '
(3) Tracking performance. the transfer function

from the reference signal to the plant output is

bounded by a(w) < |F | < b(w),foro<w,

|<a(a)) forw<w;

Since QFT is a frequency domain design technique,
both the plant and the specifications should be described
in frequency domain. At each given frequency, the
response set of the plant family is referred to as a tem-
plate, which is often obtained directly from frequency
response measurements. Based on a selected nominal
plant, open-loop bounds are quantitatively calculated at
each frequency and shown on Nichols chart according
to the given closed-loop specifications. Then designers
can shape the open-loop frequency response to meet the
desired bounds transparently at each given frequency
to arrive at a controller. The process is known as loop
shaping. Normally, the open-loop frequency response
should remain at or above the open bounds and outside
of the closed bounds at corresponding frequencies. For
the tracking problem, a controller is designed to restrict
the variation amplitude within the given range, and a
pre-filter is also needed to shape the response into the



desired envelope to meet tracking performance. Due to
approximations involved in the computation algorithm,
controller design is usually followed by a detailed closed-
loop analysis.

3.2. MIMO QFT problem

Extension to multi-input multi-output (MIMO) QFT
problem is achieved by breaking the design process
down into a series of stages. Each stage of the sequential
process is simplified as a SISO feedback problem. The
solution for the original problem is obtained by com-
bining the controllers in each single loop. In terms of
stability, it should be noted that in general, the poles of
a closed-loop system are common to all those of transfer
functions from any input to any output. Thus, stabil-
ity is guaranteed if the last design stage is successfully
executed.

A two-input two-output system, shown in Figure 3,
is taken as an example to show the framework of
MIMO QFT design. For all the upcoming problems,

p=| P Polia0x2 plant belonging to a set {P},
p21 p22

a T . . .
m=| """ 712 |is the inverse of P, r = [r,,1,]" is
T Ty

the input vector, y = [y,, yz]T is the output vector,

&
243

andF = S e are the controller and pre-filter to
S S

be designed. Similar performance specifications as in
SISO systems are defined to conduct the synthesis.

d=1[d, dZ]T is the disturbance vector, G =

(1) Robust margin: the gain and phase margin is
bounded by |1 + L, (jw)| ™" < m,(w), where L, is
the equivalent open-loop transfer function of
the kth loop, k = 1, 2, @ > w . Considering the
coupling effects, the open-loop transfer func-
tion of each single loop is expressed as

I = & & &y + &)

1 2 17y - (9)
T Ty — - || + 71,8,

1 1 Ty t&

+

"41, + e up » + )/4|>

F G P
7 + e u + Y2

prefilter controller plant +
d>

Figure 3. Two-input two-output two DOF unity feedback
system.
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_ &y +g)

L =
|z| + 7,,8, (10)

2= 5 T
T T 7L
where 72, (r3,) represents the equivalent inversed plant
of the first (second) loop considering the coupling effect
from the second (first) loop, which is obtained through
LU decomposition.

To meet the robust margin constraint, for the first

loop, the following inequality should be satisfied:

|| + g7, + & (7, +8))
7| + g7,

|1 +L1|_1 = S ml(a))

(11)

Note that when |g | approaches to 0, lim|1 + L | =
|1 + gp,|"" < m(w); when |g,| approaches to oo,
lim|1+L,|"=|1+g/m | <m (w). These two inequalities
can be directly used to calculate the robust margin bounds.

For the second loop, since the limit values of g, are
used in the first loop design, g, should be designed to
satisfy bounds calculated according to both the inequal-
ities (11) and (12), i.e.

&

Tl

Tt &

L+L,| " =1+

T2

<m,(w) (12)

(2) Sensitivity reduction: the transfer function from
the disturbance at the plant output to the plant
output is bounded by [s,(jw)| < & (@), i = 1,2,
j =12, w < w_. The transfer function from
d to y can be represented as § = (I + PG)™'>
S=®'+ GP'> (P! + G)'S = P\,
The equation is expressed in matrix as

T, tg v SuoSi | _ | o o |,
n Tyt& S S Ty Ty
0

1
Multiplying both sides by[ n

T, + g

] on the

left, it is obtained that
Tyt & Ty Suo S | | Fu T
2 2 2
0 Tt & i1 S T Ty

2 o1y 2 17
where n;, = n,, — 2L and x;, = r,, — -2
21 21 T+ g 22 22 T+ 8
From Equation (13), the transfer function from each

input to each output can be represented as:

- Ty~ TSy (14)
n=
T, T &
s = Ty = TppSy (15)
=
T, t8
2
- 4 (16)
21 7 o
Tts
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2
T2

2
T, t&

Sp = (17)

To meet the sensitivity reduction specification, for the
first loop, g, should satisfy the bounds given by

T, |+ |7, |«

lsu| < % < a,(o) (18)
|”12| + |7r12|a22

lsio| < BT < ap() (19)

Note that Equations (14) and (15) do not follow the for-
mat of controller design in the QFT Toolbox, thus they
are scaled into Equations (18) and (19) according to the
subadditivity of absolute value.

For the second loop, g, can be designed according
to the bounds described by the following inequalities:

pia
5,,] = | 5—=—| < @y (@) (20)
T, t&
2
T
|522| = < ay(w) (21)
”52 t&

(3) Tracking performance: the transfer function
from the reference signal to the plant output
is bounded by aij(w) < |tij(jw)| < bij(w), i=1,
2,j=1,2, w < w,. The transfer function from
r to y is represented as T = (I + PG)"'PGF
> (I + PG)T = PGF > (P! + G)T = GF.
It is expressed in matrix form as

[ T+ 8 712 ] [ STRP: ]
Tn Ty T8 by Iy
_ [ & ] [fu fi2 ]
& fu fa
Therefore, the transfer function from each input to each
output can be represented as:

glfll 7Tty
th = (22)
Ty t&
& — Tty
y=—/———— (23)
Tyt &
£ = &S — ”22]f11
21 — 2 + (24)
Ty TE
ngzz ”21][12

2 7[22 +4& (25)

For the first loop, g, can be designed according to the
bounds calculated by:

|g]f11| * |”12|b21
a,(w) < |/—/————=| < b, (w) 26
! Tyt & ! (25)
|g1f12| = |7[12|b22
< |= = =I<})
a,(w) < p——py <b,w  (27)

In this way, the problem is equivalent to two SISO two
DOF problems with plant 1/7, , reference input r, = 8(¢),
and input disturbances as |d,| < |7 ,|b, and |d | < |m ,|b
respectively.

For the second loop, g, can be designed to satisfy the
bounds given by:

22

g?le ”21fl1

a, (@) <
7[22 +8

< by (w) (28)

g?fzz ”2]f12

ay(w) <
”22 t+4

< by, (w) (29)

This problem is equivalent to two SISO two DOF prob-
lems with plant 1/7r§2, reference input r, = &(t), and
input disturbances as d, = —z3,f,, and d, = —73,f,.,,
respectively.

4. Controller design

Following the MIMO QFT design procedure described
earlier, a two-input two-output QFT diagonal control
scheme is now synthesised for the hydraulic hybrid swing
system. The performance specifications are defined as in
Table 2. The tracking specification are specified to meet
the response performance with the maximum overshoot
of 2% and settling time range of 0.1-0.9 s for p, and p,,
considering a swing velocity of approximately 10 rev/
min. The specifications of robust margin and sensitiv-
ity reduction are specified based on the authors’ QFT
design experience on other fluid power systems’ appli-
cations. These performance specifications are believed
to produce tight constraints to guide controller design
considering the given uncertainty level.

The plant templates of p,, are obtained as in Figure 4
by calculating the frequency responses at each specific
frequency based on the plant family with prescribed

Table 2. Performance specifications for controller design.

Constraints
[1+L,(jw)|" < 1.67, w = O rad/s.
|s,(w)| < 0.02w, for i =jj |s(jw)| < 0.01w, for i /.

Performance

Robust margin
Sensitivity reduction

w < 20rad/s.
Tracking < |t,.j(/w | < b/./.( w), w < 20 rad/s.
a. 588.8 __ 28! 571(5+14) fOr i= ]

y (S+8) (s+92)" /A (5420

a,;=0, b 0.0Tw for i #j.
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Figure 4. Plant templates of p .
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Figure 5. Selected bounds and nominal open-loop frequency
response of p,, with the compensation of g,.

parametric uncertainties (see Table 1). It reveals the
effect of uncertainties on system performance at each
frequency and can be further used for controller design.
The selected nominal plant for controller design is:

4.1143(s + 2.5)

= 30
Pio= 3 +2.55 + 6.485 (30)

Based on the nominal plant, open-loop bounds are
calculated according to the three performance specifi-
cations and are selected to give the strictest constraints
at each specific frequency. They are thereby referred
to as selected bounds used for controller design. As
is seen from Figure 5, the open bounds within 1 rad/s
are calculated based on the tracking specifications; the
open bounds between 1 and 20 rad/s are based on sen-
sitivity reduction; and the closed bounds after 50 rad/s
are corresponding to the robust margin constraint. An
appropriate controller is required to shape the frequency
response close to the bounds at low frequencies to pre-
vent overdesign, and with a rapid attenuation after the
transition frequency to reduce the impact of noise.
Controller g, is then constructed by shaping the open-
loop frequency response curve to fit the bounds at each
specific frequency on the Nichols chart (i.e. introducing
gains, poles and zeros to the controller) through trial
and error:

INTERNATIONAL JOURNAL OF FLUID POWER . 7

tracking range

T

Magnitude (dB)

T T T T T T T T T

Frequency (rad/s)

Figure 6. Pre-filter design for the first loop.

Open-Loop gain (dB)

L L L
-135 -90 -45 0

Open-Loop phase (deg)

Figure 7. Plant templates of p2,.

1.3246 X 107(s + 0.9271)(s + 134.7)

= 31
& s(s 4+ 23.19)(s* + 590.1s + 3.634 X 10°) (3D

Based on g, a pre-filter f,, is designed to shape the
closed-loop frequency responses into the desired enve-
lope (see Figure 6), given by the tracking specifications.
It is noted that to reduce calculation and meanwhile
capture major variations of the frequency response
curve, just a few proper frequencies rather than a dense
frequency array are selected to conduct the pre-filter
design.

6.376
fn=

T 5+6.376 (32)

Note that when designing a controller for the first
loop, the exact coupling effect from the second loop is
unknown. Thus, approximations of the second loop are
adopted and overdesign may have been introduced.

The templates of the equivalent plant for the second
loop, p;z, is shown in Figure 7. The selected nominal
plant is:

2= [ 1.5294(s” + 184.1s + 2.717 x 10*) ]
20 (s + 2.511)(s* + 189.8s + 2.727 x 10%)
(s + 0.9324)(s* + 424.1s + 2.687 X 105)}

(s + 0.9238)(s* + 422.6s + 2.69 X 10°)
(33)
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B(0.1)

Open-Loop gain (dB)

1 1 1 1
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Figure 8. Selected bounds and nominal open-loop frequency
response of p2, with the compensation of 9,

r tracking range
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Figure 9. Pre-filter design of the second loop.

Based on the specified nominal plant, the open-loop
bounds are calculated given the closed-loop specifica-
tions for the second loop (see Figure 8). Following the
design principle, a controller g, is constructed:

. X s+ 1. s+ .
3.7015 X 107(s + 1.41)(s + 132.9)

= 34
& s(s + 22.81)(s* + 13725 + 8.087 x 10°) (34)

Given the compensation g,, the nominal open-loop
frequency response of p2, has been shaped to meet each
bound at the given frequencies. The second loop control
design has less approximation of coupling effects from
the first loop. Thus, g, has less overdesign. Note that g,
satisfies the stability of the second loop and thus guar-
antees the stability of the whole plant. Next, a pre-filter
f,, is designed (see Figure 9) to meet the tracking per-
formance of the second loop:

9.187
fo=

T 5+9.187 (35)

The diagonal control scheme for the whole plant is
obtained as:

&
G= (36)
&

Mi1

10 robust margin constraint
F
s 10 F
g
_,cj 10’ F closed-loop response
210 ¢
5107
Z 0tk
10° L L L L )
10 10" 10’ 10' 10 10
Frequency (rad/s)
M22
10! . robust margin constraint
s 10 F
g
5 '03 F closed-loop response
2 10 F
;:0 107 f
.
107 F
10° L L L L )
10 10" 10’ 10' 10 10°

Frequency (rad/s)

Figure 10. Robust margin analysis.
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Figure 11. Sensitivity reduction analysis.

fu
F= 3
£ (37)

where controllers g, g, and pre-filters f,, f,, are given by
Equations (31), (34) and (32), (35), respectively.

Due to approximations involved in the calculation
process, a closed-loop frequency response analysis with
a denser frequency array is needed to check the per-
formances once the controllers are designed. The worst
scenario of the closed-loop responses with regard to
uncertainties is chosen for demonstration according to
the maximal magnitude.

In terms of robust margin, Figure 10 shows excellent
results in both loops. Consistent with the loop shaping
result, the tracking and sensitivity reduction constraints
are dominant at low frequencies, and the robust margin
bounds become dominant after 50 rad/s.

With respect to sensitivity reduction, results show
good performance with the second loop (see Figure 11).
Small overdesign is introduced to the first loop using the
limit values of &, and «,, in Equations (17) and (18).
Note that since the robust margin performance has been
satisfied, there is no need to alter the sensitivity in the
first loop through iterations.
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Figure 12. Tracking performance analysis.

Table 3. Randomly chosen parameters for robustness verifica-
tion.

Groups 1 2 3 4 5

b (Nms/rad) 5000 5000 10000 15000 15000
J (kgm?) 2000 10000 6000 2000 10000
C,, (m*/N) 1x107% 1x107"° 5%x107" 1x10°" 1x10™"
Xyt 0714 1 0643 0286 1
X, (rad/s) -0.0375 0.5 0 -0.5 -1
Uy 0 1 0 1 -1

As is seen from Figure 12, both T, and T,, show
good tracking performances within the desired enve-
lope. Whereas T', and T, show good suppression of
coupling interferences between every two channels.

The analysis of the control scheme is satisfying. We
now need to further verify the performances through
simulation using the entire system model.

5. Controller evaluations

In MATLAB/Simulink environment, given the diagonal
control scheme described in Equations (36) and (37),
the simulation evaluation and analysis are presented as
follows.

5.1. Robustness verification against parameter
uncertainty

A set of step reference signals with amplitudes of
1.2 MPa and 9 °/s, respectively, are adopted for pressure
and velocity channels to verify the robust stability and
tracking performance. System parameters of different
levels are randomly grouped (see Table 3) to represent
a wide range of loading situation.

Asisseen from Figures 13 and 14, all the step responses
are stable with no overshoot. The tracking specifications,
2% settling time 0of 0.1-0.9 s, are strictly satisfied for the
plant family. In terms of the plant with nominal values,
the 2% settling time for the pressure channel is 0.57 s
and the steady-state error is 0.0037 MPa. The 2% settling
time for the cabin velocity is 0.43 s, with a steady-state
error of 0.0035 °/s. From Figure 15, it is seen that in
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Figure 13. Tracking performances of the plant family with
MIMO QFT control scheme given step reference inputs.
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Figure 14. Tracking errors of the plant family with MIMO QFT
control scheme given step reference inputs.
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Figure 15. Swash plate angles of the plant family with MIMO
QFT control scheme given step reference inputs.

each situation, the swash plate angles of both units are
reasonable.

5.2. Robustness verification against output
disturbances

To simulate the actual operating situation, actual field
data presented by Busquets and Ivantysynova (2014) are
reproduced as reference inputs to the hydraulic hybrid
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Figure 18. Swash plate angles of MIMO QFT control scheme
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swing system. Given that the robustness against param-
eter uncertainty has been verified, to show the perfor-
mance level more clearly, the following evaluations are
just based on the plant with nominal values.

Asis seen from Figures 16 and 17, satisfactory track-
ing performances are obtained for both pressure and
velocity responses. Due to the large inertia and fluid
volume in the hydraulic hybrid swing system, there is
a slight lag in pressure buildup and velocity tracking.
Given that the sampling frequencies for both reference

actual response
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L L L L L s
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Figure 19. Tracking performances of Pl control scheme with
output disturbances.
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Figure 20. Tracking errors of Pl control scheme with output
disturbances.

signals are 3 Hz, the standard deviations between actual
responses and reference signals during 30 s are 0.68 MPa
and 2.98 °/s, respectively. Figure 18 shows that the swash
plate angles of both primary and secondary units are
also reasonable.

To further evaluate the efficacy of the proposed
control laws, a PI controller is tuned to obtain similar
or even slightly better tracking performances, with its
standard deviations as 0.63 MPa and 2.58 °/s. The PI
controller is expressed as:

o= | &
&

1.857 6. 993

where g/ = 16.06 + & =2797+ —

With regard to sen31t1V1ty reduction, to make it as
close as to the actual tough operating conditions for
excavators, a set of disturbance signals are designated
at the outputs of the MIMO plant. For the pressure chan-
nel, a 1 Hz sinusoidal signal with amplitude 1.5 MPa is
adopted to describe the effect of environmental stiffness
variations; while for the velocity channel, a 1 Hz, 10 °/s
sinusoidal disturbance signal is introduced to represent
the effect of gravity on tilted working surfaces.

As is seen from Figures 19-21, the tracking per-
formances of the PI control scheme deteriorate very

(38)
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disturbances.
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Figure 22. Tracking performances of MIMO QFT control scheme
with output disturbances.

much in the presence of output disturbances. Both time
responses and swash plate angles are affected greatly,
with the standard deviation for pressure channel as
1.02 MPa and that for velocity as 4.34 °/s. This makes
the simple PI scheme less reliable.

While employing QFT control scheme, there is not
much degradation with performances. As is shown in
Figures 22-24, with the pressure standard deviation as
0.71 MPa and velocity standard deviation as 2.98 °/s, it
is still considered acceptable. Table 4 clearly shows that
the QFT control scheme exhibits much better robustness
over the PI controller.

5.3. Validity verification of the linearised model

Please note that the above-mentioned evaluation is
based on the linearised state-space model derived in
Section 2. To check the proposed QFT controller’s con-
straint effect on non-linear friction and thus the validity
of the linearised model, we also built up a model of the
secondary controlled swing system in SimHydraulics,
considering the effect of a non-linear rotational friction
expressed as in Equation (3). As is seen from Figure 25,
the friction level reaches a quarter of the maximum load
torque, which is considered notable.
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Table 4. Standard deviations of a well-tuned Pl and the pro-
posed QFT control schemes.

Time-variant Error
Time-variant  response with  increase
Control scheme response disturbances (%)
Pl Pressure (MPa) 0.63 1.02 62
Velocity (°/s) 2.58 434 68
QFT  Pressure (MPa) 0.68 0.71 4
Velocity (°/s) 2.98 2.98 0
1
1
Tk
- T
Zg
-1
-15
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Velocity (rad/s)

Figure 25. Non-linear friction used in SimHydraulics model.

Given the same system parameters and reference
inputs, we obtain responses before and after introducing
the non-linear friction in SimHydraulics. As is seen from
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Figure 27. Tracking errors of MIMO QFT control scheme based
on SimHydraulics model.

Figures 26 and 27, they show quite similar performances
with that of the linearised state space model in Simulink.
Without non-linear friction, the pressure standard devi-
ation is 0.64 MPa and velocity standard deviation is 3.1
°/s. After introducing the non-linear friction, the stand-
ard deviations become 0.7 MPa and 3.2 °/s, respectively.
There is very little difference that we can hardly tell the
responses apart. This in turn proves the proposed QFT
controller’s constraint effect on non-linear friction and
thus the validity of the linearised model.

6. Conclusions

Considering parametric uncertainties in load variation,
viscous friction and bulk modulus, a two-input two-out-
put QFT diagonal control scheme was synthesised for
the hydraulic hybrid swing systems of excavators.
Specifications of robust margin, sensitivity reduction
and tracking were specified to conduct the synthesis. In
simulation, with respect to step reference inputs, the pre-
scribed robust stability and tracking specification were
satisfied for the plant family. For the plant with nominal
values, the settling time of pressure and velocity chan-
nels are 0.57 s and 0.43 s, respectively, and the corre-
sponding steady-state errors are 0.004 MPa and 0.004

°/s. As to time-variant reference signals, the proposed
QFT controller and a well-tuned PI controller showed
similar tracking performances. In the presence of out-
put disturbances, the pressure and velocity standard
deviations of the PI controller during the duty period
increased by 62 and 68%, respectively. Whereas for the
MIMO QFT control scheme, the pressure standard devi-
ation only increased by 4% and the velocity response
was unaffected. This shows that the proposed QFT con-
troller has much better robustness over the well-tuned
PI controller. To conclude, the two-input two-output
QFT diagonal control scheme reduced the design com-
plexity, and exhibited excellent tracking performances
and robustness in both velocity and pressure control,
in the presence of parametric uncertainties and output
disturbances.
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