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ABSTRACT This paper proposes an field programmable gate array (FPGA) implementation of a sensorless
controller for surface mounted permanent magnet synchronous machines. Position and speed are both
estimated by a sliding mode observer (SMO) which is based on the PMSM stator frame model. The sliding
mode manifold is chosen on the real stator current trajetory. In the SMO, a sign function of current error in
the feedback correction is adopted. The estimated speed and position are realized on an FPGA controller by
COordinate Rotation Digital Computer (CORDIC) algorithm. Using model-based design, with the tools of
MATLAB/Simulink and hardware description language coder, the whole control system is designed and
implemented in a single FPGA chip. Dedicated hardware optimization algorithms such as pipeline and
resource sharing are developed for the implementation aswell. The sign function is realized by fully hardware
with a relatively high switching frequency. Meanwhile, a fast and practical rotation direction detection
method which is based on back electromotive force information is proposed. Experimental results show that
the proposed FPGA implemented sensorless SMO for PMSM drives is robust and has high performance.

INDEX TERMS Sensorless control, slidingmode observer (SMO), permanent magnet synchronousmachine
(PMSM), FPGA (field programmable gate array).

I. INTRODUCTION
Permanent Magnet Synchronous Machines (PMSMs) are
used more and more widely in industrial electrical drive
systems in recent years due to their advantages, such as high
efficiency, high power density and high torque-to-weight-
ratio. In the high performance PMSM drive systems, position
sensors are required for detecting the rotor position. Unfor-
tunately, these position sensors are not desired to be used
in industrial applications because their existence has several
disadvantages for the drive systems. For example, the position
sensors are difficult to be mounted on the shaft of the PMSMs
and require extra wires, meanwhile, increase the system cost,
etc. Therefore, removing these position sensors is desirable
and methods for this purpose are usually called ‘‘sensorless’’
(or ‘‘encoderless’’, ‘‘self-sensing’’, etc.).

Sensorless control for PMSM drives has been extensively
investigated for three decades. At present, the existing sen-
sorless control methods mainly belong to two categories.
The first one is saliency tracking based method. The other
is fundamental model based method. Saliency tracking based

method is the only method that can work at standstill and in
the very low speed range. Generally, this category method
can be further divided into two groups: continuous high
frequency (HF) injection and transient excitation methods.
The well-known rotating HF injection [1] and alternating
HF injection methods [2], [3] both belong to continuous HF
injection group. Although the working performance of all
the HF injection methods are relatively good and attractive,
signal injection could cause extra losses, torque ripple and
transient disturbances. In the transient excitation category,
there are INFORM (Indirect Flux detection by Online Reac-
tance Measurement) method [4]– [8], fundamental PWM
excitation method and arbitrary injection method, etc. These
methods are usually required to modify the hardware of the
drive systems, which are not desirable and also difficult to be
implemented in industrial applications.

According to state of the art techniques, saliency tracking
based methods either need the PMSM saliency informa-
tion or have interference of drive systems in hardware or in
control performance. Hence, fundamental model based
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FIGURE 1. Classification of sensorless control methods for PMSM drives.

methods are still received more and more attention. A great
amount of works are trying to improve the low speed per-
formance or to use hybrid control methods in this research
direction [9], [10]. The back electromotive force (EMF) based
observer has advantages of simplicity and straightforward-
ness [9], [11]. In this category, there are a large number of
various state observer based methods for position estimation,
such as Luenberger observer (LO), sliding mode observer
(SMO), extended Kalman filter (EKF), and model reference
adaptive system (MRAS), etc [12]– [16]. Sensorless SMO
has been widely investigated in rotor position and speed
estimation for PMSM drives [17], [18]. However, there are
still many problems to be solved or improved, such as ini-
tial position estimation, parameter sensitivity, and especially
FPGA implementation. The classification of sensorless con-
trol approaches for PMSM drives is summarized in Figure 1.

Nowadays, compared with microcontrollers or DSPs, field
programmable gate arrays (FPGAs) have some advantages
for drive control. For instance, parallel processing capabil-
ities can shorten the computational time to a large extent,
which results in a lower control delay and better dynamic
performance of the drive system; all dedicated interfaces and
control algorithms can be implemented in a single chip, which
is flexible and friendly to PCB design. Hence, FPGAs are
becoming more and more popular as control platforms for
electrical drives [19]– [22]. In this work, an FPGA imple-
mentation method of the SMO for sensorless PMSM drives
is proposed. Using model based design, the whole control
algorithm including field oriented control (FOC) and sensor-
less SMO is implemented in a low cost FPGA chip. Pipeline
and resource sharing optimization methods as well as the
CORDIC (COordinate Rotation Digital Computer) algorithm

are adopted in the design. In the implementation of SMO
algorithm, a fast rotation direction detection method is pro-
posed which ensures the robustness of sensorless SMO. The
rest part of this paper is organized as follows: mathematical
model of PMSM is presented in Section II; In Section III,
position observer based on SMO is described; Section IV
elaborates proposed FPGA implementation method; After
experimental results in Section V, Section VI concludes this
work.

II. MATHEMATICAL MODEL OF A PMSM
In this work, only a simplified mathematical model of a
PMSM is considered. This means that magnetic saturation is
neglected. The stator voltage is composed of two parts. One
part is the resistance loss, and the other part can be seen as
back electromotive force (EMF) which depends on the rate
of change of the stator flux linkage. So, the stator voltage
equation of a PMSM in cartesian stator coordinates (α, β) can
be described as follows

uss = Rsiss +
dψ s

s

dt
. (1)

Where uss = [uα, uβ ]T and is = [iα, iβ ]T are the stator voltage
and current, respectively. Rs is the stator resistance. ψ s

s is the
stator flux linkage.

The stator flux linkage could be assumed to be caused by
the stator current and the rotor magnetization together, that is

ψ s
s = Lssi

s
s + ψ

s
pm (2)

The calculation of rotor flux linkage ψ s
pm in the sta-

tor frame is the transformation from its rotor frame
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value ψ r
pm.

ψ s
pm = Tψ r

pm =

[
cos θ − sin θ
sin θ cos θ

] [
9pm
0

]
(3)

where θ is the rotor position angle, T is the transformation
matrix and 9pm is the magnitude of the rotor flux linkage.
The inductance tensor Lss can also be transformed from its
rotor coordinate value Lrs

Lss = TLrsT
−1
= T

[
Ld 0
0 Lq

]
T−1 (4)

where Ld , Lq are the d-axis and q-axis inductances respec-
tively. T−1 is the inverse matrix of T.
In the rotor reference frame, the stator voltage and stator

flux linkage can be described as

urs = Rsirs +
dψ r

s

dt
+ ωrOψ r

s . (5)

ψ r
s = Lrs i

r
s + ψ

r
pm. (6)

Where urs = [ud , uq]T , ψ r
s = [ψd , ψq]T , and irs = [id , iq]T .

ωr is the electrical speed (in rad/sec). In analogy to the com-
plex notation, the positive π/2 rotation is defined as matrixO

O =
[
0 −1
1 0

]
. (7)

The useful relationships between these matrices are

TO = OT. (8)

The torque produced by a PMSM can be calculated mathe-
matically by the vector product of the stator current and stator
flux linkage in the stationary reference frame by (9) or in the
rotating reference frame by (10).

Tm =
3
2
pisTs Oψ s

s =
3
2
p(ψαiα − ψβ iβ ). (9)

Tm =
3
2
pirTs Oψ r

s =
3
2
p(ψd iq − ψqid ). (10)

Where p is the number of pole pairs of the PMSM, ψ s
s =

[ψα, ψβ ]T is the stator flux linkage. The factor 3
2 demon-

strates that the used transformation is non-power invariant.
It must be used whenever energy or power quantities are
computed using transformation of voltages and/or currents.

The equation used to model the dynamics is given by (11),
where Jm is the system inertia and Bm is the system friction
coefficient. Equation (12) presents that the electrical speed
ωr (in rad/sec) is related to the mechanical speed ωm by the
number of pole pairs p.

Jm
dωm
dt
= Tm − Tl − Bmωm (11)

ωr = pωm (12)

III. SENSORLESS CONTROL USING A SLIDING
MODE OBSERVER
A. FUNDAMENTALS OF THE SLIDING MODE CONTROL
Here a nonlinear time-invariant system is considered, and its
state space model can be described as

Px = f (x)+ B(x)u+ z(x)

= f (x)+
m∑
i=1

bi(x)ui + z(x) with x(t0) = x0, (13)

where x ∈ Rn is the system state and u ∈ Rm is the control
input. The vector functions f , b : Rn

7→ Rn and the matrix
B = (b1b2...bm) are assumed to be continuously differen-
tiable. The vector function z : Rn

7→ Rn summarizes the
external disturbances and unknown parameter uncertainties.

It is assumed that z(x) satisfies the following condition for
each x,

z(x) ∈ span{B(x)}. (14)

Therefore, there exists a control input u, which makes
B(x)u = −z(x), i.e. the system is invariant to the uncertainties
and disturbances z(x). The sliding mode control theory han-
dles state-feedback control schemeswhich utilizes switching-
control actions. Accordingly, a discontinuous function of the
system state is selected as the control input u(x)

u(x) =

{
u+(x) for s(x) > 0
u−(x) for s(x) < 0.

(15)

Where s : Rn
7→ Rm is a continuously differentiable

function. The feedback signal u(x) exhibits a point of discon-
tinuity at s(x) = 0;

lim
s(x)→0

u+(x) 6= lim
s(x)→0

u−(x)

and is not a continuous function of time [23].

B. SLIDING MODE OBSERVER
Since the normally measured value of the standard drive
systems is just only the current, the stator current is usually
selected for the sliding mode observer to estimate the position
and speed of the PMSM drives with discontinuous control.
s(x) = 0 is selected as the slidingmodemanifold on the actual
stator current trajectory. As a result, if the estimated currents
arrive the manifold, it will be enforced in the manifold in sys-
tem spaces and the sliding mode will be appeared. Therefore,
the estimated currents can track the real ones free from the
disturbances and uncertainties which means the estimation
error of the current becomes zero [13], [24].

1) DESIGN OF THE SLIDING MODE OBSERVER
Considering the PMSM model in the stator reference frame
as presented in Section II. Here, it is written again for a
convenient form.

d iss
dt
= −L−1s Rsiss + L−1s (uss − e

s
s). (16)
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Where iss = [iα, iβ ]T is the stator current, uss = [uα, uβ ]T is
the stator voltage, ess = [eα, eβ ]T = ω9pm[− sin θ, cos θ ]T

is the back electromotive force (EMF), Ls =
[
Ls 0
0 Ls

]
is

the stator inductance matrix.(Here, the machine is supposed
to be a SMPMSM.) Rs and Ls are the stator resistance and
inductance, respectively.

The sliding mode observer is designed according to the
SMPMSM model,

d î
s
s

dt
= −L−1s Rs î

s
s + L−1s (uss − z

s
s), (17)

zss = ksw · sign(î
s
s − i

s
s) = ksw ·

[
sign(îα − iα)
sign(îβ − iβ )

]
. (18)

Where ksw is the switching gain of the discontinuous control
zss, which is normally positive, i.e. ksw > 0. The values
with hat indicate they are estimated variables. The current
estimation error is defined as ī

s
s = î

s
s − i

s
s.

2) STABILITY ANALYSIS OF THE SLIDING MODE OBSERVER
The sliding mode surface can be defined as follows

s = [sα, sβ ]T = [îα − iα, îβ − iβ ]T , (19)

where sα = īα , and sβ = īβ .
If the estimation errors are located on the sliding surface,

the estimation errors become zero, i.e., îα = iα and îβ = iβ .
At this moment, the sliding surface is s = 0 and the observer
is robust against the system disturbances and uncertainties.

The gain of the sensorless sliding mode observer can be
determined by the Lyapunov second criterion via estimat-
ing the stability of this observer. Make the positive definite
function

V =
1
2
sT s (20)

be a Lyapunov function’s candidate. The prerequisite of the
stable sliding mode is V̇ < 0. The derivative of V is

V̇ = sT ṡ. (21)

By the equation (17), the derivative of s can be presented
as

ṡ =
[
ṡα
ṡβ

]
=


Rs
Ls
īα +

1
Ls

(eα − ksw · sign(īα))

Rs
Ls
īβ +

1
Ls

(eβ − ksw · sign(īβ ))

. (22)

Substitute equation (22) into equation (21), Then the precon-
dition of the stability is

V̇ =
[
īα
īβ

]T 
Rs
Ls
īα +

1
Ls

(eα − ksw · sign(īα))

Rs
Ls
īβ +

1
Ls

(eβ − ksw · sign(īβ ))

 < 0.

(23)

To satisfy the condition V̇ < 0, the equation (23) is decom-
posed into two equations as follows

[
īα
īβ

]T 
Rs
Ls
īα

Rs
Ls
īβ

 = 0, (24)

[
īα
īβ

]T 
1
Ls

(eα − ksw · sign(īα))

1
Ls

(eβ − ksw · sign(īβ ))

 < 0. (25)

In order to keep the observer stable, the observer gains should
satisfy equation (25). Therefore, the observer gain can be
derived to satisfy the inequality condition as

ksw ≥ max(|eα|, |eβ |). (26)

FIGURE 2. Block diagram of sensorless control using SMO.

3) POSITION ESTIMATION USING SLIDING MODE OBSERVER
The sensorless sliding mode observer used for position esti-
mation is presented in Figure 2, where the signum func-
tion is selected as the switching function and the low-pass
filter (LPF) is used for eliminating the chattering problem
generated by the switching. The following equation describes
the estimated back EMF

êss =
ωc

s+ ωc
zss (27)

where, ωc is the LPF cut-off frequency and it needs to be
selected properly to extract the signal of the position and to
remove the high frequency component. Hence, it is desirable
to have large difference between the switching frequency and
the fundamental frequency. In this case, it is much flexible
to choose the ωc, and the tracking of the stator currents
performance will be better.

Using the estimated back EMF, the position and velocity
of the rotor are calculated from

θ̂e = − arctan(
êα
êβ

) (28)

ω̂ =
d θ̂
dt
. (29)

The phase lag will be un-avoidably introduced by the LPF
which is utilized to eliminate the chattering effects. In addi-
tion, the relationship between the phase lag and the phase
response of the LPF is very clear: a lower cut-off frequency
also means a greater phase lag. Therefore, the phase lag
compensation becomes necessary for the phase response of
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the LPF, whose compensation value can be derived by the
equation (30). Here, ω is the speed of the machine.

1θ = arctan(
ω

ωc
). (30)

Finally, the estimated rotor position is obtained

θ̂ = θ̂e +1θ. (31)

IV. FPGA IMPLEMENTATION OF SENSORLESS
SMO OF A PMSM
A. MODEL-BASED DESIGN PROCESS
The typical design flow for conventional FPGA implemen-
tation can be described as: firstly a simulation model is
created, then register transfer logic is manually written in
hardware description language (HDL), at last, the program is
synthesized and a bit stream is created from it. Actually, it is
very time consuming. Model-based design (MBD) can save
cost and time by verifying functionality and tuning system
performance prior to logic design. Moreover, it is very proper
for complex control algorithm design and implementation
compared with traditional design method.

FIGURE 3. Tools and Design flow for FPGA implementation.

Figure 3 presents the model-based design flow and tools
used in this work. First, the continuous control algorithm is
modelled and verified in MATLAB/Simulink. In this pro-
cess, the algorithm validation is done. Next, the continuous
model is discretized and transferred to corresponding discrete
model with the fixed point data type. In addition, hardware
implementation optimal algorithms are designed in this step,
such as pipeline and resource sharing. It can be seen that
the register transfer level simulation for control algorithm
which is going to be implemented in FPGA is prepared in
MATLAB/Simulink. After this process, HDL code is then
generated automatically from the discrete fixed point model
by MATLAB toolboxes. Finally, the corresponding HDL
code is synthesized, placed and routed with Altera Quar-
tus II software. In this work, a low cost Altera Cyclone III
FPGA EP3C40F484C7 is used for implementation of control
algorithms.

B. FPGA IMPLEMENTATION DESCRIBTION
The block diagram of sensorless control for PMSM drives
based on SMO is presented in Figure 4.

FIGURE 4. Sensorless control of PMSM based on SMO.

Figure 5 presents the developed architecture for an
FPGA-based implementation of FOC for PMSM drives. The
architecture is divided into different reusable modules. In the
top level, there are: 1) time control module; 2) data acqui-
sition interface module; 3) current control module; 4) data
transfer Avalon bus interface; and 5) NIOS II processor. The
function of the time control module is to control the time
sequence of all the modules. In the data acquisition interface
module, the decimation filter, which is the digital part of the
Delta-Sigma A/D converter, is designed and implemented.
The other interface module (encoder interface) receives the
pulse signals from the incremental encoder and outputs the
12-bit position signal and 14-bit speed signal. The Avalon
bus interface is the bridge for exchanging data between the
NIOS II processor and the designed hardware modules. The
NIOS II processor can send and receive data online. It is
mainly used for debugging and monitoring the system.

The most important top level module is the designed
controller. Here, it is the FOC current controller. The cor-
responding algorithm is divided into four reusable modules:
the (abc-to-dq) and the (dq-to-abc) transformation modules,
which are mainly realized by CORDIC algorithm; the anti-
windup PI module; and the PWM module. The different
data types of each signal in the system are clearly presented
in Figure 5. Taking the u∗d [16.4] as an example, it means that
the bit width of the signal is 16, 12-bit of the integer part, and
4 bit of the fraction part.

The FPGA time/area performances of the designed FOC
controller for PMSM drives are presented in Table 1 and
Table 2, respectively.

Figure 6 presents the developed hardware architecture
of the sensorless controller based on SMO. The design
structure contains the following modules: the back EMF
sliding mode observer, the CORDIC algorithm, the second
order low pass filter, and the speed direction detection.
In this design, the position and speed is calculated
by the CORDIC algorithm. However, the calculated
speed does not contain the direction information. So it
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FIGURE 5. FOC FPGA implementation architecture.

TABLE 1. FPGA area utilization of FOC implementation.

TABLE 2. FPGA time performance of FOC implementation.

FIGURE 6. FPGA implementation hardware architecture of the sensorless
controller based on SMO.

is necessary to develop a rotation direction detection
algorithm.

In the industrial drive systems, the speed and position
information is usually obtained from the incremental encoder.

The speed direction information comes from pulse signal
sequence processing. In this work, we propose a speed direc-
tion detection algorithm which is similar with that of incre-
mental encoder. Firstly, the estimated stator frame back EMF
signals are need to be processed and transformed to Boolean
data types. This means that the output signal is one when
the back EMF is positive. Otherwise the output signal is
zero correspondingly. In addition, it is easy to see that the
higher frequency the Boolean signal, the faster speed direc-
tion detection. To improve the precision, the fundamental
frequency pulse signals obtained from the eα and eβ are
processed to be four times higher than the original frequency.
The quadruple approach is presented in Figure 7. Signal A
is the pulse signal from eα , and signal B is from eβ . Signals
AD and BD are both delayed signals from signals A and B,
respectively. According to the logic among the four signals,
the quadruple signal can be generated.

FIGURE 7. Quadruple frequency signal generation process: (a) signal A is
ahead of signal B; (b) signal B is ahead of signal A.

As presented in Figure 7 (a), if A is ahead of B, the logic
between the four signals and the generated quadruple signal is

P = A · ĀD · B̄ · B̄D + A · AD · B · B̄D
+ Ā · AD · B · BD + Ā · ĀD · B̄ · BD. (32)
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Correspondingly, when B is ahead of A, the logic is as follows

N = Ā · ĀD · B · B̄D + A · ĀD · B · BD
+A · AD · B̄ · BD + Ā · AD · B̄ · BD. (33)

Therefore, in the situation of A ahead of B, P is the serial
pulse signal when N is 0; while B is ahead of A, N is the
serial pulse signal when P is 0. P and N are called quadruple
positive signal and negative signal, respectively. Based on
both signals of P and N , using the flip flop, the detection of
rotation direction can be obtained by the following logic{

RD = N + RD1
RD1 = P+ RD.

(34)

If the PMSM rotated at the positive direction, while there is
a rising edge inP, the detection signal of the rotation direction
RD1 is 0, and the flip-flop will hold the signal. Meanwhile,
the detection signal of the rotation direction RD is 1. If the
machine rotated in the negative direction, while there is a
rising edge in N , RD is 0 with holding this signal by the flip-
flop. Please noted that, the signal RD is the direction signal
of the output rotation, i.e., RD = 1 refers to positive rotation;
RD = 0 refers to negative rotation.
Table 3 presents FPGA hardware utilization of the sensor-

less SMO controller.

TABLE 3. FPGA area performance of the sensorless sliding mode
observer.

FIGURE 8. The testbench for PMSM drive systems.

V. EXPERIMENTAL RESULTS
The proposed FPGA implemented sensorless SMO together
with FOC algorithm for PMSM drives was experimentally

TABLE 4. Nominal Parameters of SMPMSM.

FIGURE 9. Position dynamic performance of sensorless control based on
SMO from −600 rpm (0.2pu) to 800 rpm without load.

FIGURE 10. Position dynamic performance of sensorless control based
on SMO with 800 rpm speed step.

tested on a commercial 3-pole-pair SMPMSM servo motor
made by Kollmorgen Seidel Corporation. The tested PMSM
is fed by a two-level voltage source (VSI) inverter with a

55534 VOLUME 6, 2018



Z. Ma, X. Zhang: FPGA Implementation of Sensorless Sliding Mode Observer

6 kHz PWM switching frequency. The motor parameters are
given in Table 4. The DC-link voltage is 300 V, the rated
output voltage rms value of the inverter is 230 V. The shaft of
SMPMSM is mechanically connected to an induction motor
load. An incremental encoder is fixed on the shaft for obtain-
ing actual rotor speed and position. In this work, a low cost
Altera Cyclone III FPGA chip (EP3C40F484C7) is used in
the control board. Figure 8 presents the whole PMSM drive
experimental system with FPGA contoller.

FIGURE 11. Speed dynamic performance of sensorless control based on
SMO with -800 rpm speed step.

FIGURE 12. 9 Nm unload dynamic performance of sensorless control
based on SMO at 800 rpm speed.

The dynamic performances of the sensorless control based
on the SMO are shown in Figure 9 to Figure 12. Figure 9
presents the sensorless performance with a speed reverse
from -600 rpm to 800 rpm without load. Although the esti-
mated error is relatively large around speed of zero rpm,
the transient process is very short and sensorless control can

work in the whole speed range. Experimental results demon-
strate that the estimated position can follow the real position
tightly even though the estimated position error is relatively
large at start-up and very low speed range. In Figure 10, it is
shown that sensorless SMO controller can be stable even with
a large speed step. Figure 11 shows the speed performance
in the speed step process. With 800 rpm (0.27 pu)speed,
the sensorless controller works well at the rated load, which
is presented in Figure 12.

From these experimental results, we can see that the chat-
tering problem still deteriorates the speed estimation perfor-
mance (especially at low speed range) greatly even though
the sign function is fully implemented on FPGA with a
relative high switching frequency - 160 KHz. In conclusion,
sensorless SMO is robust to parameter variation and distur-
bance. The robustness is unavoidablly accompanied with the
chattering problem.

VI. CONCLUSION
Position and speed sensorless control algorithm for a
SMPMSM using the SMO was developed and implemented
in a low cost FPGA chip. In the SMO, the sliding mode mani-
fold is chosen on the real stator current trajetory. A sign func-
tion of current error in the feedback correction is adopted. The
proposed FPGA implementation architecture of FOC with
sensorless SMO is elaborated in this work. CORDIC algo-
rithm is used to calculate the estimated speed and position.
In order to improve the robustness of sensorless SMO algo-
rithm, a practice friendly speed direction detection method
is proposed. The proposed rotation direction detection algo-
rithm can detect the correct direction very fast. Therefore,
it make the whole sensorless SMO much more robust com-
paredwith conventional sensorless control using SMO.Using
model based design method and dedicated hardware imple-
mentation algorithms such as CORDIC, pipeline and resource
sharing, the proposed sensorless controller can be imple-
mented in relatively short execution time which improves its
performance correspondingly. Experimental results present
that the FPGA based sensorless controller is robust. It can
work well in a wide speed range, i.e., from low speed to high
speed range.
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