
SPECIAL SECTION ON ADVANCED MODELING AND CONTROL OF COMPLEX MECHATRONIC
SYSTEMS WITH NONLINEARITY AND UNCERTAINTY

Received November 13, 2017, accepted December 14, 2017, date of publication December 27, 2017,
date of current version February 28, 2018.

Digital Object Identifier 10.1109/ACCESS.2017.2787732

A Novel Control Strategy for an Interior
Permanent Magnet Synchronous Machine
of a Hybrid Hydraulic Excavator
QIHUAI CHEN 1,2, TIANLIANG LIN1, AND HAOLING REN1
1Huaqiao University, Xiamen 361021, China
2State Key Laboratory of Fluid Power and Mechatronic Systems, Zhejiang University, Hangzhou 310027, China

Corresponding author: Tianliang Lin (ltlkxl@163.com)

This work was supported in part by the National Natural Science Foundation of China under Grant 51505160, in part by the Natural Science
Foundation of Fujian Province under Grant 2017J01087, in part by the Open Foundation of the State Key Laboratory of Fluid Power and
Mechatronic Systems under Grant GZKF-201611, and in part by the China Postdoctoral Science Foundation under Grant 2017M612139.

ABSTRACT A hybrid power train system, which uses an electric machine to balance fluctuations of a
load, is a practicable method to improve the efficiency of hydraulic excavators. To realize fast charge and
discharge, ultra-capacitors are applied to a hybrid hydraulic excavator (HHE), which will cause the direct
current (dc) supply voltage to change in a wide range. When the voltage of the ultra-capacitor varies,
the output torque of the electric machine will be affected. In this paper, an interior permanent magnet
synchronous machine (IPMSM) is employed in the HHE. When the dc supply voltage is low, the output
torque of the IPMSM will drop and cannot balance fluctuations of the load adequately. To improve the
control performance of the IPMSM output torque, a novel high-performance control strategy based on a
vector control is proposed for the IPMSM to reduce the influence from the dc voltage. The mutual influence
between the torque of the IPMSM and the dc voltage is analyzed. The novel high-performance control
strategy for the IPMSM is introduced. To verify the effectiveness of the novel control strategy for the IPMSM,
simulations and experiments are carried out. The results show that the proposed control strategy can improve
the control performance of the IPMSM.

INDEX TERMS Energy conservation, hybrid power train system, hybrid hydraulic excavator, interior
permanent magnet synchronous machine, vector control.

I. INTRODUCTION
Excavators are widely used in various earthworks. However,
the efficiency of the excavator is always unsatisfactory [1].
A hybrid power train system (HPTS) which makes use of
an electric machine to balance fluctuations of a load and
stabilizes working points of an engine in high efficiency
area, is a practical method to improve the efficiency of the
hydraulic excavator [2]–[4].

A typical HPTS schematic is given in Fig. 1 [5]. The load
profile measured from a 20 ton excavator in five typical
working cycles is given in Fig. 2. As can be found, the load
of the excavator changes violently. In a hybrid hydraulic
excavator (HHE), to realize fast charge and discharge, ultra-
capacitors are applied [6], which will cause the direct cur-
rent (DC) supply voltage to change in awide range.While, the
HHE uses the ultra-capacitor to supply the electric machine
directly, which will affect the output torque of the elec-
tric machine [7]. Therefore, an appropriate control strategy
for the electric machine to make its torque insensitive to

FIGURE 1. The HPTS schematic.

the influence from the DC voltage is significant. A lot of
researches have been done to improve the system control
performance [8]–[14].

A permanent magnet synchronous machine (PMSM)
which is high efficiency, high power density, easy control and
good field weakening control [15], is an ideal candidate for
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FIGURE 2. The load profile of a 20 ton excavator.

the HHE. According to the research status of the PMSM at
home and abroad, to control the PMSM, the field oriented
control in the rotor synchronous (d-q) frame [16], [17], direct
torque control and direct flux vector control [18], [19] in the
flux linkage synchronous (f-t) frame [20]–[22] are studied.
Compared with the direct torque control and the direct flux
vector control, the d-q frame based control decoupled the
PMSM magnetic field and is not dependent on the real-time
parameters of the PMSM. In order to control the PMSM
operating at the optimal efficiency area, the maximum torque
control [23], [24] is proposed in constant torque region.

In the HHE, due to the usage of ultra-capacitors, the DC
supply voltage varies in a wide range. When the voltage of
the ultra-capacitor is low, the output torque of the PMSM
will drop and cannot balance the fluctuation of the load
adequately. In this article, a novel high performance con-
trol strategy for an interior PMSM (IPMSM) in the HHE is
proposed to improve its torque controllability and to make
it insensitive to the influence from DC voltage. This article
is organized as follows. The influence from the DC volt-
age is analyzed in section ‘‘Preliminary analysis’’. A novel
control strategy for the IPMSM in the HHE is presented in
section ‘‘High performance control strategy’’. The design of
the controller for the IPMSM is shown in section ‘‘Controller
design’’. Simulation research is given in section ‘‘Simulation
research’’. Some experiments are carried out and shown in
section ‘‘Experimental research’’. Concluding remarks are
drawn in section ‘‘Conclusion’’.

II. PRELIMINARY ANALYSIS
In order to analyze the influence from the DC voltage on
the output torque of an IPMSM in the HHE, the IPMSM
should be investigated firstly. The electrical vector diagram
is shown in Fig. 3. The mathematical model of the IPMSM
drive system in d-q coordinate system can be given as

ud = Raid + Ld
did
dt
− weLqiq

uq = weLd id + Raiq + Lq
diq
dt
+ we9pm

(1)

T =
3
2
p(ψPM is cosβ −

1
2
(Ld − Lq)i2s sin(2β)) (2)

FIGURE 3. The electric vector diagram of the IPMSM.

where, us is the stator voltage. Es is the back electromotive
force. ud and uq are the stator voltages of d-axis and q-axis,
respectively. we is the electric angular velocity. is is the stator
current. id and iq are the stator current of d-axis and q-axis,
respectively. Ld and Lq are the inductance of d-axis and
q-axis, respectively. 9pm is the flux linkage produced by the
permanent magnet. 9s is the flux linkage produced by the
winding. Ra is the stator resistance. T is the output torque of
the IPMSM. p is the number of the pole pairs. β is the torque
angle.

To improve the efficiency of the IPMSM, the maximum
torque vector control is employed. According to the vec-
tor diagram, the stator current of d-axis and q-axis can be
described as {

id = −is sinβ
iq = is cosβ

(3)

The maximum torque control condition can be obtained
according to

∂T
∂β
= 0 (4)

The maximum torque control condition can be described as

sinβ =
9pm −

√
9pm + 8(Ld − Lq)2i2s

4(Ld − Lq)is
(5)

By substituting (5) into (3), the stator current of d-axis and
q-axis corresponding to the maximum torque control can be
acquired as

id =
9pm

2(Lq − Ld )
−

√
92
pm

4(Lq − Ld )2
+ i2q (6)

The stator current trajectory of d-axis and q-axis based on the
maximum torque control can be plotted as Fig. 4.

The HHE uses the ultra-capacitor as the energy storage
unit. The DC voltage changes in real time. Meanwhile, each
component in the IPMSM control system is restricted by
their carrying capacity. Therefore, in the control of the stator
current of d-axis and q-axis, the DC voltage and the inverter
carrying capacity constraints should be considered.
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FIGURE 4. The stator current trajectory of the maximum torque control.

The current and the voltage constraints of the IPMSM can
be expressed as

|is| =
√
i2d + i

2
q ≤ ismax (7)

|us| =
√
u2d + u

2
q ≤ usmax (8)

where, ismax (>0) is the maximum phase current, which
is decided by the inverter and the IPMSM. usmax (>0) is
the maximum phase voltage, which is decided by the ultra-
capacitor DC voltage.

Substituting (1) into (8), and ignoring the influence of the
stator resistance, the steady state of the voltage constraint can
be re-expressed as

(id +
9pm

Ld
)2 + (

Lq
Ld

)2i2q ≤ (
usmax

Ldwe
)2 (9)

As can be seen, the current constraint is a circle. The radius
and the center of the current constraint are ismax and the origin
of the d-q coordinate system, respectively. Besides, they are
fixed. The voltage constraint is an ellipse. The center of the
ellipse is (−ψpm/Ld , 0) and it is fixed. While, the radius of
the ellipse decreases with the reduction of the DC voltage and
the increase of the rotary speed.

FIGURE 5. Current and voltage constraints curve and IPMSM controllable
area in d-q coordinate system.

The constraints of the voltage and the current are
defined as sets U and I. The controllable sets of the
IPMSM are U ∩ I , which can be expressed as in Fig. 5.

Therefore, the controllable area of the IPMSM is decided
by the current constraint as well as the voltage constraint
synchronously. The current constraint is fixed. While, the
voltage constraint is varied with the DC voltage and the rotary
speed.

FIGURE 6. Constraints curves and the stator current trajectory of the
maximum torque control.

III. HIGH PERFORMANCE CONTROL
STRATEGY FOR THE IPMSM
In the HHE, the IPMSMworks in the generator mode and the
motor mode. The control strategy of the generator mode is
similar to that of the motor mode. The control for the IPMSM
in generator mode only needs to change the sign of iq. When
iq > 0, the IPMSM works in the motor mode. When iq < 0,
the IPMSMworks in the generator mode. Besides, the current
constraint and the voltage constraint are d axisymmetric.
Therefore, the motor mode is taken into consideration in
the following analysis. An assumption that the IPMSM can
be controlled, which is U ∩ I 6= Ø is made. According to
(9), critical voltage constraints varied with we and usmax can
be acquired. Combined with the stator current trajectory of
the maximum torque control, constraints of different voltages
and current can be re-plotted in Fig. 6. The black curve is the
current constraint. The blue curves are voltage constraints of
different DC supply voltages. The red curve is the stator cur-
rent trajectory of the maximum torque control. The point A
(ida, iqa) is the intersection of the stator current trajectory of
the maximum torque control and the current constraint. The
point B (idb, iqb) is the intersection of the voltage constraint
and the current constraint, when the voltage constraint passes
through the origin O in d-q coordinate. In an established
IPMSM control system, points A and B are both fixed and
available. The d-q current components of the point A can be
calculated as

ida =
9pm

2(Lq − Ld )
−

√
92
pm

4(Lq − Ld )2
+ i2qa

ismax =

√
i2da + i

2
qa

(10)
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Similarly, the d-q current components of point B can be
calculated as

(idb +
9pm

Ld
)2 + (

Lq
Ld

)2i2qb = (
9pm

Ld
)2

ismax =

√
i2db + i

2
qb

(11)

where, ida and iqa are d axis and q axis current components of
point A. idb and iqb are d axis and q axis current components
of point B.

As can be seen in Fig. 6, with the variation of the DC
voltage supply, the controllable area of the IPMSM will
shrink. Combined with the maximum torque control, the con-
trollable area of the IPMSMcan be divided into three working
conditions. They are maximum torque controllable region,
local maximum torque controllable region and maximum
torque uncontrollable region, respectively.

The maximum torque controllable region corresponds to
the blue part in Fig. 6. In this region, the DC supply voltage is
large enough. The d-q current components controlled through
the maximum torque control is not restricted by the DC
supply voltage. The DC supply voltage in this region should
satisfy (12).

(ida +
9pm

Ld
)2 + (

Lq
Ld

)2i2qa ≤ (
us

Ldwe
)2 (12)

The desired d-q current components can be calculated from
T =

3
2
p(ψPM iq + (Ld − Lq)id iq)

id =
9pm

2(Lq − Ld )
−

√
92
pm

4(Lq − Ld )2
+ i2q

(13)

The command trajectory of d-q current components in this
region is an arc segment from O to A. The maximum torque
in this region can be calculated according to the d-q current
components of point A.

The local maximum torque controllable region corre-
sponds to the red part in Fig. 6. In this region, the d-q current
components controlled through the maximum torque control
is constrained by the DC supply voltage. The DC supply
voltage in this region should satisfy (14).

(idb +
9pm

Ld
)2 + (

Lq
Ld

)2i2qb ≤ (
us

Ldwe
)2

≤ (ida +
9pm

Ld
)2 + (

Lq
Ld

)2i2qa (14)

In this region, only part of the target torque can be controlled
by maximum torque control. Curve III is a typical voltage
constraint in this region. The desired d-q current components
which the maximum torque control can be used is distributed
on an arc segment from O to C. The maximum torque can be
controlled through the maximum torque control happens to

point C and it can be calculated as

idc =
9pm

2(Lq − Ld )
−

√
92
pm

4(Lq − Ld )2
+ i2qc

(idc +
9pm

Ld
)2 + (

Lq
Ld

)2i2qc = (
usIII
Ldwe

)2

Tc =
3
2
p(ψPM iqc + (Ld − Lq)idciqc)

(15)

where, usIII is the voltage vector magnitude of the curve III.
Tc is the maximum torque which can be controlled through
the maximum torque control. When the desired torque is
smaller than Tc. The desired torque can be obtained by
using the maximum torque control and it can be calculated
according to the (13). While, when the desired torque is
larger than the maximum torque controlled by the maximum
torque control, themaximum torque control cannot be applied
due to the low DC supply voltage. The maximum torque
in this region can be obtained according to the d-q current
components of point D and it can be calculated as

(idd +
9pm

Ld
)2 + (

Lq
Ld

)2i2qd = (
usIII
Ldwe

)2

ismax =

√
i2dd + i

2
qd

T =
3
2
p(ψPM iqd + (Ld − Lq)idd iqd )

(16)

where, idd and iqd is the d-q current components of the
point D, respectively.

Themaximum torque uncontrollable region corresponds to
the grey part in Fig. 6. The DC supply voltage in this region
should satisfy (17).

(
us

Ldwe
)2 ≤ (idb +

9pm

Ld
)2 + (

Lq
Ld

)2i2qb (17)

In this region, the maximum torque control cannot be used.
The maximum torque in this region can be obtained accord-
ing to the d-q current components of the intersection of the
current constraint and the voltage constraint and it can be
calculated as

(id +
9pm

Ld
)2 + (

Lq
Ld

)2i2q = (
usIV
Ldwe

)2

ismax =

√
i2d + i

2
q

T =
3
2
p(ψPM iq + (Ld − Lq)id iq)

(18)

where, usIV is the low DC supply voltage distributed in the
maximum torque uncontrollable region.

In the local maximum torque controllable region and the
maximum torque uncontrollable region, when the maximum
torque control cannot be employed, in order to extend the
working range of the IPMSM under the conditions of low DC
supply voltage, an appropriate flux weakening control should
be used for the IPMSM. At this time, according to the differ-
ent DC supply voltage, the desired d-q current components
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based on the target torque can be calculated as
(id +

9pm

Ld
)2 + (

Lq
Ld

)2i2q = (
usIV
Ldwe

)2

ismax =

√
i2d + i

2
q

T =
3
2
p(ψPM iq + (Ld − Lq)id iq)

(19)

Based on the above analysis, the control principle of the
IPMSMS can be extracted. The control flow chart is given
in Fig. 7.

FIGURE 7. The control flow chart of the IPMSM.

FIGURE 8. The control system structure diagram of the IPMSM.

IV. CONTROLLER DESIGN
The control system structure diagram of the IPMSM in the
HHE can be described in Fig. 8. As can be seen, the mechan-
ical inputs of the IPMSM come from the engine and the
pump. The control part of the IPMSM is given in the dashed
frame. The control part consists of three parts, they are signal
process, current calculator and current controller. To control
the power inverter, a SVPWM is adopted.

The transfer function of the power inverter can be treated
as a first order inertial link and can be expressed as

Ginv (s) =
Kinv

Tinvs+ 1
(20)

where, Kinv is the gain of the power inverter. Tinv is the time
constant of the power inverter.

In the torque controller, a current closed-loop control is
adopted. The phase current of the IPMSMS is detected by
Hall sensors. Considering the delay caused by signal acquisi-
tion and filtering in the current feedback process, the current
feedback link can be denoted as a first order inertial link and
expressed as

Gif (s) =
1

Tif s+ 1
(21)

where, Tif is the time constant of the current feedback link.
To control the torque of the IPMSM in the HHE, a PI

controller is employed.Meanwhile, in order to solve the prob-
lem that the IPMSM cannot be completely decoupled due
to the back electromotive force, a feedforward compensation
control is used in the current control process. According to
the electric angular velocity, IPMSM parameters and control
parameters, the back electromotive force in the IPMSM con-
trol process is calculated and compensated at the output of the
PI controller. The controller of the IPMSM is given in Fig. 9.

FIGURE 9. The controller of the IPMSM.

The implementation algorithm of the PI controller can be
described as

ud =
(
i∗d − id

) (
Kcpd +

Kcid
s

)
− ωeLqi∗q (22)

uq =
(
i∗q − iq

)(
Kcpq +

Kciq
s

)
+ ωeLd i∗d + ωeψf (23)

where, i∗d is the desired d axis current component, i∗q is the
desired q axis current component, Kcpd is the gain of the PI
controller of d axis, Kcid is the integral coefficient of the
PI controller of d axis. Kcpq is the gain of the PI controller
of q axis, Kciq is the integral coefficient of the PI controller
of q axis.
According to the Fig. 9, the system open loop transfer

function can be expressed as

Gco (s) =
kcps+ kci

s (Ls+ Ra) (Tinvs+ 1)
(
Tif s+ 1

) (24)

where, L is the d axis or q axis inductance of the IPMSM,
Kcp is the gain of the PI controller of d axis or q axis. Kci is
the integral coefficient of the PI controller of d axis or q axis.
In the IPMSM, the machine time constant is far greater than
the inverter time constant and the current feedback link time
constant. Therefore, in order to broaden the bandwidth of
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the IPMSM controller, the zero pole cancellation method is
employed to reduce the impact of the large time constant. The
parameters of the PI controller can be obtained as

Kcp/Kci = L/Ra (25)

Then the closed-loop transfer function of the IPMSM control
system can be described as

Gcc (s) =
Kcp

(
Tif s+ 1

)
LTinvTif s3 + L

(
Tinv + Tif

)
s2 + Ls+ Kcp

(26)

In (26), the inverter time constant and the current feedback
link time constant are so small that the influence of the three
order term can be neglected. Therefore, the control system
can be considered as a two order system. According to the
best requirement of the damping ratio of a two order system,
the ratio coefficients of the PI controller need to satisfy the
following relation.

ξcc =
1
2

√
Ls

Kcp
(
Tinv + Tif

) = √2
2

(27)

where, ξcc is the damping ratio of the controller. Similarly,
the integral coefficient of the PI controller can be obtained as

Kcp =
L

2
(
Tinv + Tif

) (28)

Kci =
Ra

2
(
Tinv + Tif

) (29)

FIGURE 10. The IPMSM in the HHE simulation diagram.

V. SIMULATION RESEARCH
To validate the effectiveness of the control system, the simu-
lations are carried out in Simulink. In theHHE, the engine and
the hydraulic pump can be treated as the drive (or load) speed
module of the IPMSM. Therefore, the model of the IPMSM
in the HHE is shown in Fig. 10. As can be seen, the model
consists of five parts. They are the IPMSM, the inverter,
the torque controller, the current controller and the signals
acquisition, respectively. The high performance control strat-
egy is realized in the torque controller. The feedforward

TABLE 1. Parameters of the IPMSM.

compensation PI control is achieve in the current controller.
The parameters of the IPMSM is given in Table 1.

In order to facilitate the comparison, the traditional vector
control is also simulated. For different DC supply voltages,
the input torque signal of the IPMSM is 200 Nm. The output
torque of the IPMSM in simulation model by using the tradi-
tional vector control are given in Fig. 11. As can be seen, with
the decrease of the DC supply voltage, the controllability of
the IPMSM is becoming worse.

FIGURE 11. The output torque of the IPMSM by using traditional vector
control.

FIGURE 12. The output torque of the IPMSM by using high performance
control strategy.

The output torque of the IPMSM in simulation model
by using the high performance control strategy are given
in Fig. 12. As can be seen, the high performance control
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strategy can effectively guarantee the control performance of
the IPMSM.

FIGURE 13. The schematic diagram of the HPTS test platform.

VI. EXPERIMENTAL RESEARCH
Relevant experimental studies are also carried out for the
proposed control strategy. A HPTS of the HHE loading test
platform is built. The schematic diagram of the test platform
is shown in Fig. 13. In the experimental platform, an engine,
an electric machine and a hydraulic pumps are coaxially
connected. Two torque sensors are armed to detect the torque
of the engine and the pump. An Advantech IPC is used to
control the platform. The engine is controlled by an engine
controller. Each controller is communicated through CAN
communication protocol. Meanwhile, the hydraulic pump
and the loading proportional relief-valves are controlled by
Advantech IPC control cards. The signals of the output torque
of the engine, the absorbed torque of the hydraulic pump,
the output pressure of the hydraulic pump, the current and
the voltage of the ultra-capacitor is acquired by Advantech
IPC acquisition cards.

FIGURE 14. The schematic diagram of the IPMSM control system.

The schematic diagram of the IPMSM control system
is given in Fig. 14. The proposed control strategy is real-
ized in a dSPACE1103 digital signal processor. An encoder,

voltage sensors and current sensors are used to detect the
rotary speed, DC supply voltage, phase current and DC
current in the process of the running of the IPMSM. The
part of the platform is given in Fig. 15. The main com-
ponents parameters of the experimental platform are given
in Table 2.

FIGURE 15. The part of the experimental platform.

TABLE 2. Main component parameters in the HPTS.

During the process of the experiment, the engine throttle is
fixed and preset as rating speed 1800 rpm. The displacement
of the pump and the relief-valve setting pressure are fixed as
well. In this test platform, the IPMSM output torque can be
calculated as

Ta = Tp − Te (30)

where, Ta is the output torque of the IPMSM in the experi-
mental platform. Tp is the absorbed torque of the pump. Te is
the output torque of the engine.

The traditional vector control is also applied to the
platform. For different DC supply voltages, the out-
put torque of the IPMSM can be acquired and given
in Fig. 16 and Fig. 17. The desired torque of the IPMSM
is 200 Nm. The initial DC voltages in Fig. 16 and Fig. 17 are
300 V and 240 V, respectively. It can be found that the
control performance of the IPMSM torque will be worse
with the decrease of the DC supply voltage. Especially, when
the initial DC supply voltage is 240 V, the output torque of
the IPMSM is much lower than the desired torque. However,
when the DC supply voltage is 300 V, the output torque of the
IPMSM is less than 200 Nm. This is mainly because that the
torque of the IPMSM is acquired by using the absorbed torque
of the pump to subtract the engine output torque. While,
there is a great mechanical loss in the HPTS. Even no-load
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is added to the pump, the output torque of the engine is
greater than 0.

FIGURE 16. The output torque of the IPMSM with traditional control
strategy (300 V).

FIGURE 17. The output torque of the IPMSM with traditional control
strategy (240 V).

FIGURE 18. The output torque of the IPMSM with high performance
control strategy (300 V).

The novel control strategy and same experimental con-
ditions are applied to the platform. The output torque of
the IPMSM of different DC supply voltages are given
in Fig. 18 and Fig. 19. As can be found, with the decrease
of the DC supply voltage, the control performance of the

FIGURE 19. The output torque of the IPMSM with high performance
control strategy (240 V).

IPMSM output toque is better than that of the traditional
vector control.

VII. CONCLUSION
A HPTS is considered as a promising technology to improve
the fuel economy of a hydraulic excavator. In the HPTS,
an IPMSM is used to balance fluctuations of the load and
stabilize working points of the engine in high efficiency area.
Ultra-capacitors are used to realize fast charge and discharge.
As a result, the DC voltage varies in a wide range. While,
the output torque of the IPMSM is affected by the DC supply
voltage.

In this paper, a novel control strategy based on a vector
control for an IPMSM in the HPTS is proposed so as to
reduce the effect from the DC supply voltage on the IPMSM
output torque and balance fluctuations of the load adequately.
By adopting the novel control strategy, the control perfor-
mance is improved. Simulations and experiments are car-
ried out to validate the effectiveness of the proposed control
strategy.
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