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Abstract Some practical issues associated with enhancing the Cartesian impedance
performance of flexible joint manipulator are investigated. A digital signal process-
ing/field programmable gate array (DSP/FPGA) structure is proposed to realize the
singular perturbation based impedance controller. To increase the bandwidth of
torque control and minimize the joint torque ripple, boundary layer system and field-
oriented control (FOC) are fully implemented in a FPGA of each joint. The kernel
of the hardware system is a peripheral component interface (PCI)-based high speed
floating-point DSP for the Cartesian level control, and FPGA for high speed (200 us
cycle time) multipoint low-voltage differential signaling (M-LVDS) serial data bus
communication between robot Cartesian level and joint level. Experimental results
with a four-degree-of-freedom flexible-joint manipulator under constrained-motion
task, demonstrate that the controller architecture can enhance the robot impedance
performance effectively.

Keywords Impedance control · DSP · FPGA · M-LVDS serial data bus ·
Torque ripple · Flexible joint

1 Introduction

In the past few years, the robotics community evolved growing interest in dexterous
robots, which are designed for operation in space or hazardous environment. A
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main focus of this kind of robots is the ability to perform compliant manipulation
when contacting with an unknown environment. One possible approach to achieve
compliant behavior is impedance control, which was extensively theorized by Hogan
[1] and experimentally applied by Kazerooni et al. [2]. The basic idea of impedance
law is defined as a mass–spring–damp system, where the interacting force is designed
to be a linear combination of the position error (spring), first derivative of the
position (damping), and second derivative of the position (inertia).

The equations of a manipulator’s motion are usually derived in terms of joint
coordinates, which is in “joint space”. However, the task is described in end-
point coordinates, the “Cartesian space” of the manipulator. The goal of Cartesian
impedance control, as developed by Khatib [3], is to realize a desired dynamical
relationship between the motion of end-effector and the external torques. Various
approaches of impedance control were developed for robotic systems based on rigid
body models, which neglected the effects of joint elasticity. In this paper, the joint
elasticity is considered with gravity compensation.

The effective method of the Cartesian impedance control for a flexible joint robot
is based on a singular perturbation analysis of the flexible joint model [4]. From this
perspective an impedance controller may be designed in the same manner as for a
robot with rigid joints. The flexibility of the joints is then treated in a sufficiently
fast inner torque control loop. The stability of the system has been proven by Ott
et al. [5]. This approach is very attractive at a first glance due to the simplicity of
the resulting controllers, but it has some strict structural and soft requirements for
a robot to realize better impedance characteristics, such as high-speed inner control,
data communication requirement between inner and outer control loop, and torque
dynamics requirement in the joint control. Only little work has been done on these
requirements for flexible joints’ robot so far.

With development of the IC technology, field programmable gate array (FPGA)
has become the mainstream in complex logic circuit design due to its flexibility,
ease to use, and short time to market. Some researchers have incorporated control
algorithms into FPGA to improve the performance of the servo control system. The
system developed by Takahashi and Goetz [6] could run a current control algorithm
with a FPGA to increase the bandwidth of the current loop control; Tzou and Kuo
[7] have performed the vector and velocity controls of a PMAC servo motor by
using FPGA technology successfully; FPGA-based motion control has been utilized
in other works [8, 9].

This paper focuses on enhancing manipulator’s impedance performance, which
includes following three aspects: (1) DSP and FPGA are used to design ideal
hardware architecture to implement the Cartesian impedance control. (2) Multipoint
low-voltage differential signaling (M-LVDS) serial data bus is designed with 200us
cycle time by the hardware architecture. (3) Space vector pulse width modulation
(SVPWM) algorithm is implemented in FPGA to minimize torque ripple. In partic-
ular, item (2) is contrasted with similar approaches of serial data bus, and item (3)
is compared with the square wave control. All the design aspects are realized in a
4-degree-of-freedom (DOF) flexible joint robot, as shown in Fig. 1.

This paper will be organized as follows: Section 2 gives Cartesian impedance
control architecture of the flexible joint manipulator; Section 3 describes three
important requirements to implement the control algorithm, including the hardware
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Fig. 1 Model of a flexible joint
robot and the 4-DOF HIT
robot

architecture, M-LVDS serial data bus, and joint FPGA-based servo system; Section 4
presents the experiments and the conclusion of this paper are drawn in Section 5.

2 Cartesian Impedance Control Architecture

The joint of the HIT robot is powered by electro-mechanical drives, which consists of
brushless direct-current (DC) motor and light harmonic drive gear. The main sources
of flexibility are the harmonic drive gear and the torque sensor. Therefore, a flexible
joint robot model [10] will be considered as follows.

M (q) q̈ + C (q, q̇) q̇ + g (q) = τ + τext (1)

Bθ̈ + τ
/

n = τm (2)

In this equation, M(q) represents the inertia matrix, C (q, q̇) q̇ is the centrifugal/
Coriolis term, and g(q) is the gravity term. The vector of the joint torques is given by
τ = K (θ − nq), where θ , q indicate the vector of the motor angle and the link side
joint angle, respectively, n is the transmission ratio, and K, B are diagonal matrices,
which contain the joint stiffness and the motor inertias (see Fig. 1). In addition, τ ext

are the external torques and τm are the generalized motor torques, which is regarded
as input variables for the control design.

In the following, it is assumed that the position and orientation of the end
effector’s can be described by a set of local coordinates x ∈ Rm, and the forward
kinematics x = f (q) is known. With the Jacobian J (q) = ∂ f (q)

/
∂q, Cartesian

velocities and accelerations can be written as

ẋ = J (q) q̇ (3)

ẍ = J (q) q̈ + J̇ (q) q̇ (4)
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Notice that in this paper only the nonsingular case is treated, thus it is assumed
that the manipulator’s Jacobian J(q) has full row rank in the considered region of
the workspace.

The external torques τ ext shall be related to the vector of generalized external
forces Fext via τext = J (q)T Fext. To specify the desired impedance behavior, the
position error x̃ = x − xd, which is between real position x and a virtual equilibrium
position xd is introduced. Then the control objective is to achieve a dynamical
relationship of the form

�d
¨̃x + Dd

˙̃x + Kd x̃ = Fext (5)

between x̃ and Fext, where �d, Dd, and Kd are the symmetric and positive definite
matrices of the desired inertia, damping and stiffness, respectively.

From Eqs. 1, 3 and 4, the relationship between the Cartesian coordinates x and
the joint torques τ can now be written as

� (x) ẍ + μ (x, ẋ) ẋ + J (q)−T g (q) = J (q)−T τ + Fext (6)

where the matrices �(x) and μ (x, ẋ) are given by

�(x) = J (q)−T M (q) J (q)−1 (7)

μ (x, ẋ) = J (q)−T (
C (q, q̇) − M (q) J (q)−1 J̇ (q)

)
J (q)−1 . (8)

Similar to the external torques, the gravity torques g(q) and the joint torque τ can
be rewritten in form of the equivalent task space gravity forces Fg(x) and the new
input vector Fτ . Therefore, the system equations finally have the form

� (x) ẍ + μ (x, ẋ) ẋ + Fg (x) = Fτ + Fext. (9)

The matrices �(x) and μ (x, ẋ) are the inertia matrix and the Coriolis/centrifugal
matrix with respect to the coordinates x.

The classical impedance control law can be directly computed from Eq. 9. The
control input Fτ , which leads to the desired closed loop system (Eq. 5) is given by

Fτ = �(x) ẍ + μ (x, ẋ) ẋ + Fg (x) − �(x) �−1
d

(
Dd

˙̃x + Kd x̃
)

+ (
�(x) �−1

d − I
)

Fext (10)

The feedback of external forces Fext can be avoided when the desired inertia �d

is identical to the robot inertia �(x). This Cartesian impedance controller is then
actually implemented via the joint torques τ as τ = J (q)T Fτ .

Considering the flexibility of the joint and on the assumption that the manipulator
is working at steady state, the gravity compensation can be obtained on line when we
introduce a new variable named “gravity-biased” motor position.

θ̃ = θ − K−1g (qd) (11)

One common approach to implement the Cartesian impedance control (Eq. 10) is
the singular perturbation approach in which the flexible joint model is virtually split
up into a fast subsystem for the joint torques τ and a slow subsystem for the link
positions q. Based on the subsystems it is possible to design an inner joint torque
τ loop controller as the boundary layer system, and an outer link position q loop
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controller as the quasi-steady state system. In the non-redundant and non-singular
case the complete controller is finally given by

τm = (τd + Kτ P (τd − τ) − Kτ Dτ̇ )
/

n (12)

τd = g
(
θ̃
)

− J (θ)T (Kd (x (θ) − xd) + Dd ẋ (θ) − �(x) ẍd − μ (x, ẋ) ẋd) (13)

3 Control Requirements

The quasi-steady state system (Eq. 13) includes abundant mathematics operation and
will be implemented in the Cartesian level. Meanwhile, the boundary layer system
(Eq. 12) should be controlled in a high frequency and should update the desired
torque from the Cartesian level into the joint level. So, the Cartesian impedance
control presents three important requirements, which should be fulfilled to enhance
the robot compliant performance:

R1. The hardware system consists of Cartesian control level and joint control level.
Complex control algorithm and fast computation should be implemented in the
Cartesian level; servo control should be carried out fast in the joint level.

R2. To realize precise real time control, the ideal minimum cycle time for data
transmission between the Cartesian controller and joint controller is necessary.

R3. In the joint level, a good dynamic torque response with small ripples should be
obtained.

In the following we will put forward solutions to achieve the R1, R2, and R3 at length.

3.1 R1: DSP/FPGA–FPGAs System

Success of the robot control system depends not only on the control algorithm, but
also on the hardware controller structure. Figure 2 illustrates a schematic of the
proposed control architecture.

In the joint control level, a CycloneTM FPGA EP1C20 with densities 20060 logic
elements (LEs) and 288 Kbits of RAM was chosen, which can achieve a more flexible
implementation of the joint controller with a high control rate and a small-sized
joint electronics. Furthermore, by means of flexible DSP structures and integrated
processing units, modern FPGAs enable the efficient implementation of algorithms
(Eq. 12) directly in the joints. Diverse IO standards support the connection of dif-
ferent hardware components (e.g. motors, brakes, sensors). It is more advantageous
over conventional digital controllers, such as microcontrollers or DSP.

In the proposed control architecture, the peripheral component interface (PCI)-
based DSP/FPGA board is used for the Cartesian level. A Texas instruments (TI)
floating-point digital signal processor (DSP) TMS320C6713 [11] with maximum 1350
MFLOPS is selected to carry out the complex algorithms (Eq. 13) more efficiently.
The PCI board exchanges data with PC via PCI bridge controller, and the FPGA
converts serial signals from the joint-level FPGAs to parallel signals and transmits
them to the DSP via the parallel interface, and vice versa.

Based on the DSP/FPGA–FPGA control architecture, Cartesian impedance con-
trol will be implemented efficiently, so the R1 requirement is fulfilled.
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Fig. 2 Diagram of the DSP/FPGA-FPGA control architecture

3.2 R2: M-LVDS Serial Bus

To implement the real-time feedback control of the robot, the Cartesian level should
get the feedback of positions and velocities of the joints rapidly to calculate the quasi-
steady state system. At the same time, the joint level should update the input data
instantly especially in the fast-moving state. So a high speed data bus is needed in our
control architecture as the R2 illustrates.

Multipoint low-voltage differential signaling (M-LVDS) allows multipoint config-
urations of LVDS and it is defined by the ANSI/TIA/EIA-899 M-LVDS standard,
which recommends a maximum data rate of 500 Mbps. Because of its low noise,

Table 1 KPP comparison of differential standards

Parameter RS-422 RS-485 ECL M-LVDS

Bus Point-to-point Point-to-point Point-to-point Point-to-point
Multidrop Multidrop Multidrop Multidrop

Multipoint Multipoint Multipoint
Speed < 10 Mbps < 10 Mbps < 2 Gbps < 500 Mbps
Power Moderate Moderate High Low
Signal swing 2 V Min 1.5 V Min 0.8 V to 1 V 480 to 680 mV
Threshold ±200 mV ±200 mV ±200 mV ±50 mV
Common mode range ±7 V −7 V to +10 V Varies ±2 V
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Fig. 3 M-LVDS serial data bus

low power, high-immunity interface, and ease in implementing in FPGA, by means
of low-voltage differential line drivers and receivers, a M-LVDS serial bus system
was designed for the data communication (half-duplex) between the joints and PCI-
based DSP/FPGA board. The M-LVDS serial bus operates on 100-� media with a
100-� terminal RT at the driver and the receiver, as shown in Fig. 3. Table 1 below,
compares the key performance parameters (KPP) of M-LVDS with other differential
serial standards. It is obvious that M-LVDS has great advantages when it comes to
power, signal swing, and common-mode range while still providing speed as emitter-
coupled logic (ECL) can.

In the software design, M-LVDS serial bus has the following characteristics.

1) M-LVDS serial bus uses a 16-bit cyclical redundancy check (CRC) checksum to
detect the majority of communication errors.

Fig. 4 Four-DOF robot
communication by M-LVDS
serial bus. S, R represent the
Cartesian level sends and
receives data, respectively
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2) NRZI data encoding and automatic bit stuffing/stripping are used for data
encoding.

3) Variable baud rate, super-high communication rate will drag down the speed of
the processor, so a bandwidth of 25 Mbps is enough.

Multipoint low-voltage differential signaling (M-LVDS) serial bus is designed for
seven joints communication, and cycle time less than 200 us is achieved. The serial
bus is embedded into 4-DOF robot systems successfully. All communication and
other control programs for all FPGAs are written in VHDL and run in FPGAs. For
a 4-DOF robot under working condition, Fig. 4 illustrates that the DSP/FPGA board
sends the joint data sequentially per 28 us and the relative joint sends the feedback
data immediately.

3.3 R3: Joint FPGA-based Servo System

To control permant magnet synchronous motor (PMSM) efficiently, the field-
oriented control (FOC) is often applied. FOC is an excellent control algorithm that
is used to control space vectors of magnetic flux, current and voltage. Actually, FOC
relies on the SVPWM control strategy. Taking advantage of SVPWM, it is possible
to set up the coordinate system to decompose the vectors into a magnetic field-
generating axis and a torque-generating axis. So by utilizing SVPWM, the PMSM
magnetic flux and torque can be controlled separately.

The motion control of the joint level includes the boundary layer system, the
current vector control, M-LVDS serial bus TXD and RXD module, SVPWM and
sensors detector. As described in Fig. 5, the boundary layer system and the current
vector control are implemented by software using Nios embedded processor, and
the other modules are implemented by hardware programmable logic device (PLD).
Therefore, all of the functions for the joint motion control are integrated and realized

Fig. 5 Internal architecture of FPGA-based servo controller
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Fig. 6 Reference frames for
vector control

in the single system on a programmable chip (SOPC), and the control frequency of
the FOC can up to 20 KHz.

As shown in Figs. 5 and 6, FOC transforms the three-phase stator current ia, ib ,
ic to the torque feedback current isq and field flux feedback current isd via Clarke
and Park matrix transformations in the synchronous rotor frame d–q. Then the
isq and isd are compared against the reference value respectively; the results are
transferred to two PI controllers to produce the required voltage commands, namely
usq and usd, which are transformed back to the two-phase stationary-frame α–β for
controlling the SVPWM module. In field-oriented control, the torque current and
exciting current are decoupled, so the independent torque and flux can be controlled
in permanent magnet synchronous motor. In other words, SVPWM makes the phase
current approach to the ideal sinusoidal wave, and the principle of SVPWM can be
referred to [12, 13].

Fig. 7 Two phase current in
SVPWM control mode
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Fig. 8 Two phase current in
Square wave drive mode

Figures 7 and 8 illustrate two-phase current ia, ib waves in SVPWM control mode
and in square wave drive mode, respectively; they are implemented fully in the
FPGA of the joint. The results demonstrate the phase current is regular sine wave
in the SVPWM control mode, and testify that SVPWM can get more smooth torque
than square wave drive.

4 Experiments

Experiments are performed on the 4-DOF arm. All four joints are identical in the
macro structure, which are driven by brushless DC motor and harmonic drive gear
(gear ratio 1:160). A potentiometer and a magnetic encoder are equipped to measure
the absolute angular position of the joint and the motor, respectively. The motor
phase current ia and ib are measured by two linear Hall sensors. The joint torque
sensor is designed based on shear strain theory. Eight strain gauges are fixed crossly
to the output shaft of the harmonic drive gear to construct two full bridges that
measure the torques TA and TB.

In the first experiment, the third joint tracks a three-order curve (Fig. 9) with the
previous impedance control methods (12) and (13). By adjusting the baud rate of
M-LVDS serial bus and optimally choosing the impedance characteristics Kd and
Dd, three kinds of cycle time are applied to the robot, as shown in Fig. 10. When the
cycle time is 5 ms (Kd = 2170, Dd = 2) the static error of joint is 0.021˚ and the dynamic
error is 0.03˚. While the cycle time reduces to 1 ms (Kd=2100, Dd = 2, dashed line),
the static and dynamic errors of joint are 0.01˚ and 0.02˚, respectively. As the cycle
time is 200us (Kd = 2000, Dd = 2, solid line), the static error of the joint is less than
0.007˚ and the dynamic error is 0.015˚. Accordingly, when the transmitting rate goes
faster, the robot system tracking accuracy is higher, and 200us cycle time is enough
for our system.
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Fig. 9 The desired trajectory
of three-order curve
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Fig. 10 The position tracking
errors while the serial bus
cycle time is changed

1 2 3 4

-0.03

-0.02

-0.01

0

0.01

0.02

t (s)

Jo
in

t a
ng

le
 (

de
gr

ee
)

200us 5ms

1ms

Fig. 11 Torque measured in
the joint use of field-oriented
control
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Fig. 12 Torque measured in
the joint use of square wave
drive
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In the second experiment, a joint is driven in the free space without any force
by the field- orient control and square wave drive. Figures 11 and 12 show the
torques of joint measured during the two control modes above. Due to the inherent
characteristic of Harmonic drive gear [14], TA and TB vary as sine wave and phase
symmetrical. The medial line in Figs. 11 and 12 is the mean torque τ of the joint.
Torque ripple has been reduced from 1.31 Nm in Fig. 12 to 1.05 Nm in Fig. 11. So,
the torque ripple has been reduced evidently by use of the FOC.

In a further experiment, a single joint is used to demonstrate the impedance
performance (Kd = 1,000, Dd = 10) while using Cartesian impedance control archi-
tecture. As shown in Fig. 13, the joint tracks the sine position trajectory (dashed line)
and contacts a rigid environment where the joint angle under 1.85˚, and real tracking
curve is shown as the solid line. Corresponding to the desired trajectory tracking

Fig. 13 Position tracking with
environment contact by using
impedance control
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Fig. 14 The position-tracking
error and the corresponding
joint torque by using
impedance control
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curve in Fig. 13, the position-tracking error (dashed line) and filtered joint torque
(solid line) is shown in Fig. 14. The experimental results show that the joint can follow
the desired trajectory ideally in the free space, and the joint torque increases stably
while it makes contact with the environment.

Finally, Cartesian impedance experiment has been made in 4-DOF robot. The
robot at first stays put in the desired Cartesian origin CD = [0,0,0]. Then, we pull the
robot in a different direction as shown in Fig. 15. Finally, the robot will overcome
the gravity and return to the CD as soon as we release force. Figure 16 shows
the corresponding Cartesian forces along with the Cartesian position. It can be
concluded that the ideal Cartesian impedance behavior is successfully achieved, as
theoretically predicted.

Fig. 15 Cartesian coordinate
varies in Cartesian impedance
control
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Fig. 16 Cartesian torque
varies in Cartesian impedance
control
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5 Conclusion

The singular perturbation-based Cartesian impedance control plus gravity compen-
sation for flexible joint manipulator was studied in this paper. To realize the control
algorithm ideally, a new DSP/FPGA–FPGA system was designed. The joint motion
controller with FOC control algorithm was verified and implemented on one-chip
FPGA for high-performance servo drives of the permanent magnet synchronous
motor. A PCI-based DSP/FPGA board was designed to realize the Cartesian level
control, and M-LVDS serial data bus was designed with 200us cycle time to commu-
nicate between Cartesian level and joint level by using of the FPGA. Experimental
results, obtained on a 4-DOF flexible robot, were verified that the DSP/FPGA-based
control architecture have enhanced the robot impedance characteristics.
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