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Keywords: Step Motor Emulator, HIL simulation, Fault * generate a voltage sine wave signal similar to the
Injection, Emulator in an FPGA generated current signal flowing through the
windings when controlling the step motor with a
Abstract driver using pulse wide modulated (PWM)
It is not possible to do automatic testing with step voltages;
motors in Hardware-in-the-Loop (HIL) simulators because « dentify the steps the motor driver requested; the
motors may be overheated if working for a long time. FPGA performs parallel readings of the analog to
Furthermore, possibilities for fault injection are itied and digital converters, synchronizes them and
physical interaction is needed to inject faults like a processes them for the identification of the steps;
breakdown that can actually be mimicked. We present an « generate an encoder signal as feedback for the HIL
emulator in an FPGA that allows to emulate a step nfoto simulator; two signals simulating an encoder come
automatic testing as well as fault injection for aiety of out of the FPGA with a resolution of one step;
faults,_with the option of emulating more than one step perform fault injection by allowing the simulation
motor in the same FPGA. of the motor breaking down and skipping steps;
commands are read via the serial port from the HIL
1. INTRODUCTION simulator or from a PC and executed by the FPGA.

Testing is one of the compulsory steps in developing  compared to traditional and manual testing, this
software. Tools like a Hardware-in-the-Loop (HIL) sojution allows continuous automatic testing and fault

simulator are used for testing real-time embedded softwargjection when testing step motors through a HIL sitioula
Océ Technologies uses HIL simulators (HILs) to test th ,

correct functionality of the electronic control boardCjEn
printers (Figure 1). The EC is in charge of reading,
processing and sending signals to the different modules of a
printer for activating tasks needed for copying, scanning or
printing documents and images.

Océ uses a HIL simulator to test among others the

Target Platform

drivers of step motors. For instance, error handling cade ,*'if‘* Yo \ O Signdls
be tested for the event of a motor breaking down. Vit vl et
motors, the cables of the step motor need to be phiysica ST Hils

disconnected to emulate such an error, making theltest s
and tedious. Other failures like missed steps cannot be
emulated with real motors. Furthermore, a high riskref
occurs when the step motors get overheated by performing Yy
continuous testing. Fig. 1. Electronic Conal board and its interaction with the F
The solution for these issues is to have a step motor simulator (HILs).
emulator; this paper presents a real time step motora¢onul
of a hybrid bipolar step motor, using a combination o
electronics components and components embedded in
FPGA. The electronic components, an inductor and dva
resistor, help to recreate the behavior of the stefpmThe
FPG_A helps to id_entify the steps the motor shOL_JId bez_ RELATED WORK
moving, to transmit the steps to the HIL simulator he t
form of encoder signals and to perform fault injection
The step motor emulator presented in this work is abl
to:
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Section 2 presents related work. Section 3 introduces
fstep motor drivers. Section 4 discusses different appesac
realize a step motor emulator. The experimental
luation is given in section 5. Section 6 concludes.

The standard method to create motor emulators works
by reading the analog signals coming from the Eleatroni
Eontrol Unit, process them and use them as inputsive so
the state-space equations representing the model of the



motor. The hardest part, due to its computational cost, is Unlike all previous approaches, we propose an emulator
solving the differential equations fast enough to sineulla¢  for step motors where there is no need to solve thaehof
behavior of the motor in real time. Most researaiu$es on the step motor in the FPGA. Similar to [1], we usehhig
this aspect. In [7], a real-time emulation of an inductionpower inductors and resistances. Implementation details are
motor is done in an FPGA; in this work Jastrzebski usegsot provided in [1] though. Our implementation can be used
integral methods programmed by a fixed pointto realize the functionality provided by [1], while adding th
representation in the FPGA to solve the differentiaffeatures of calculating the number of steps the nabtould
equations of the state-space model in less than 1psjradlo  have moved according to the input signals, the generation of
testing and evaluation of very fast motor controllerseial  encoder signals representing these steps and faultionject
time. In [6], Duman presents a real-time implementatibn increasing test coverage of the embedded software in the
a three-phase induction machine for HIL simulatorshia t EC.
work, the state-space representation model of therayst
represented by matrices using floating point numbers. The&. STEP MOTOR DRIVERS
model is solved in less than 1y using the matrix There exist commercial step motor drivers that fiatéi
multiplication algorithms studied by Prakhya [8] and thethe job of design engineers. In some of these drivers) ahe
design is downloaded into a PClI FPGA development kipulse occurs on the STEP input pin, some internalipctiv
using Quartus-II. modifies the output currents to the next level and polarity.
The approaches by Jastrzebski and Duman are intend@tiese step motor drivers use microstepping to incrésese
to work for HIL simulators. Both approaches implemiéyet  performance and to limit noise and resonance problems.
motor model in an FPGA and both verify that the FFIGA Microstepping divides a motor step in substeps allowing
solving the model equations in less than 1us. However, remoother transitions between steps and a better step
further work is done for reading the signals and forresolution. With the sine-cosine microstepping technique
generating the output signals to close the loop wittHihe used in the drivers for this work a constant torque is
simulator. Closing the loop presents more challenges thagroduced by controlling the current in the windings. Figure
solving the model equations in real time. 2 (taken from [2]) shows the current-level sequence rikede
A complete BLDC motor emulator is presented in [3].in each phase to move the step motor one microstep at
Bracker simulates an inductive load that includes théime after the pulse signal on the STEP input occurg. Th
realistic current waveforms of AC motors for the length of this signal will determine the frequencyhud step
automotive industry. The work develops the simulation oimotor.
the load for HIL simulators, for testing the Electoni
Control Unit (ECU) in cars, by using the normal plugdiuse STEP Input nnnnnnnnnnnnnnninn
in any real environment. The simulation measures th -0 0,
voltages at the output stage of the controller, calcuthtes 1
current in real time through an FPGA, and generates
current in the output stage (in case the motor is working
generator mode) with the help of DA converters. In [9], F’hasel1
Schulte presents the simulation of a BLDC motor, inctvhi birecion=t T I T T TI1 T TT 1 I TT T I
only the model of the three-phase windings is implemente (%) _saz
in an FPGA, while the remaining part of the electrioton
is simulated on a conventional real-time processo
(calculation of the torque and the back-EMF). This eroulat
allows testing, by connecting the electronic units fos e
they are, without manipulations and it is also suitdbte
testing control units using sensorless control techniques. Phase 2
[4,5], Dufour presents an FPGA simulator of a Permaner Oirection =': ooof- t A = A - -
Magnet Synchronous (PMS) Motor, using the Xilinx %)
System Generator (XSG) from Simulink and the RT-LAB o
platform from Opal-RT. This simulator runs the model of w2
the motor on an FPGA while the RT-LAB platform reads e
the analog input signals and generates the currentsdo fe
them back into the controller, closing the loop and
simulating the entire motor. The simulator allows the  These step motor drivers use the chopper technique
injection of open-phase and short-circuit faults. instead of using a fixed voltage to create the currents tha
will flow through the windings; the result is a pulse-wide
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Fig.2. Current-level sequence to move the steppenmostep by
microstep. [2].



modulated waveform that is used to create an averaggproximately 63.2% of its final value after a step inpus (
voltage and consequently an average current to move tlveltage supply changes from zero to a one in a very short
step motor microstep by microstep according to Figure 2.

4. STEP MOTOR EMULATOR
Given how a step motor is controlled, we can now se¢he RC filter;Vapwy is the voltage applied to the winding,

the step motor emulator as a black box to get an ovenie R is the resistance of the windingjs the inductance of the

the signals that will be read and the signals that el

generated when designing the emulator. Figure 3 shows thiyF): 1 = L/R is the time constant reproduced by the RC

black box scheme for the step motor emulator. The inpt* R L

signals are:

four PWM voltage signals @#, Va-, Vet+ and

time). Figure 4 presents the electrical model of onthef
two identical phases in the studied step motor, this model
was used to calculate the time constant to be reproduced by

winding andVagwr is the back-electromotive force (back-

Vat 1.65 2.8mH
> Y Y

Vg-) coming from the EC board; these signals are Ve Vaewr
generated by H-bridges and in the motor they Va-
. —>
generate the average currents flowing through th Fig. 4. Electrical model representing phase A fitep motor.

windings of the step motor to make it move g,

microstep by microstep,
one serial line (R coming from the HIL simulator

for reading commands and activating fault

injection.

The output signals are:
two currents flowing through the windings of the for constant frequencies, since it is possible torpuate
step motor (the value for the peak currents 1.62Anhe steps that are not visible, but it does not work fo
and 0.8A were calculated using the loads t0 bgarying frequencies. Section 5.1 provides the details.
present in the printers for the studied step motor),

one for winding A and one for B; in Figure 3, the 4 2 | gad Inductive Simulation for a Step Motor

current in A is flowing in the positive direction

After building the RC filter for the step motor emulato
signal conditioning and data acquisition stages were touilt
read the signals in the FPGA. The result is not a giave
similar to the one in Figure 2 but a square wave sigrias.
square wave signal is good enough for detecting the steps

Adapting the solution by Schulte et al. [9] for a load

while the current in B is flowing in the negative jhqyctive simulation for BLDC motors, and a similar
direction; with dotted arrows the currents aresojytion by Dufour et al [4,5] for a PMS motor, is a s&to
shown when flowing in the opposite directions (theapproach to the creation of a step motor emulator.
changing currents move the step motor microstép  The load inductive simulation developed of [4,5,9]

by microstep),

two square wave signals dhoder Bencode)
simulating the behavior of an encoder,

and one serial line () for sending information to
the HIL simulator or a PC.

reads the control voltages from the drivers, calcsldte
current that should be running through the motors by
solving the differential equation model, and finally
generates and sends the currents back to the drivemgslosi
the loop. The adapted solution to the step motor driver i
illustrated with Figure 5. It contains the following
components:

Vet A Encoder
Va- B Encoder EPGA
Ve+ Step mOtor Current .
Ve- Emu|at0I‘ Calculation 1
[
i Tx Conversions | a0 | ADC | |DAC DAC |
Fig. 3. Step Motor Emulator Black Box. Block ]

We consider three different methods to generate th va[ Vs ¥ ey
step motor emulator. The third one is the most effeciive VoltagelCurrent g Spitches  ———
present the other two for completeness, and to illestha Tya- Vet A hvat
design decisions that play a role in developing a steprmot A I I

emulator.

4.1. Constant Frequency Step Motor Emulator

The idea of this method is to reproduce the timgeading voltages and supplying currents. Is the interface
constantr of the step motor with an RC filter, wherés the
time it takes the current flowing in the winding to ¢lea states based on the results of the differential equatitver,

Fig. 5. Step Motor Emulator Block Diagram.

Voltage/Current Sources and Switches Block. This
block is in charge of switching the emulator between

connected to the step motor driver. The emulatorche#



and works as a voltage sink (when reading the PWM dontra860° - 27= 6.283radians, and based on simulations the
voltages from the step motor driver) and as a current supphnhgular speed of the motor oscillates between 1 and -1; in
(when generating the currents the step motor should hbsther words because of physical restrictions the nusnber
generating as feedback to the step motor driver), thrthegh representing the integer part will not exceed the 6 bits
same wires. This switching must be controlled by a statessigned to them. On the other hand, 25 bits areswagds
machine based on the results of the equation solvernand tthe fractional part since the sampling time is fixedbfs
current level sequence in Figure 2. (the time to read the digital values from the A/D coters

Conversions Block. This block is in charge of causing results of some of the multiplications to be nusibe
converting the analog voltage signals to digital valudseto with a factor of 10; these numbers can be represented
processed in the FPGA and of converting the digital currenising 25 bits in the fractional part. Using the fixed point
values to analog ones for the current supplies. The amalog thotation and based on the Euler method, algorithms for
digital converters have a 5us sampling rate (ten tinm® m addition, multiplication and for sine/cosine functionsreve
than the 10Khz maximum frequency demanded by the stegreated and programmed in VHDL.
motors used in this application) causing an oversampling of The four state-space equations are transformed to be
the voltages. This increases the accuracy of the Eulersed by the Euler Method, and these transformed equations
method we used for solving the state-space equations. Thee divided into eight independent states. Each one of these
digital to analog converters, convert the currentsutalled  states is computing independent arithmetic operations and
in the FPGA to analog values that are fed into thehe results of each state are needed by the next Ehise.
"Voltage/Current Sources and Switches Block", wherg thewas done to have independent operations in each state that
are generated to be supplied back to the step motor.driver can be executed in parallel, while every state needsto

FPGA current calculation. This block calculates the executed sequentially due to data dependencies.
currents that should be flowing through the step motor, by  Simulation results show that this approach is
solving the state-space model of the motor in real-tisieg  sufficiently fast for real-time emulation, confirmiregrlier
the voltages from the driver as input signals. results described in the literature for other motorgype

We chose a four-state state-space model of the step This approach was not further developed, because of
motor to be solved in the FPGA. The states of the maug@el the following complexities and disadvantages compared to
the currents flowing through each one of the windings, ththe approach described in the next subsectipiih¢ PWM
angular velocity and the rotor angle; while the inputéit®  phase voltages need to be read and the state space model of
model are the voltages coming from the step motor diive the motor needs to be solved to produce the output currents.
the EC. Based on these inputs, the currents can didlated  These calculations imply a high computational complexity,
and the steps can be detected by comparing the calculatadl FPGA I/O port cost, fast A/D and D/A converters,
versus the predefined current levels shown in Figure 2. switches and a state machine for contiid),the step motor

To solve the model of the step motor we chose theimulation needs to work sometimes as a voltage sink and
Euler method since it presents the easiest impleti@mta sometimes as a current source (implying the need for
algorithm while showing a small error when choosing aexternal power supplies)jij the switching between voltage
small step size. Fixed point numbers are used to implemesink and current supply needs to be done with the help of
the Euler method for being easier to implement thaatifig ~ state machines that are difficult to design because of the
point numbers and because less computational effort wifficulty to define appropriate transition conditionv)
required for operations on fixed point numbers, infixed point operations inside the FPGA need to be used for
comparison to floating point operations. The model of thesolving the state space model in real-time, and constiguen
step motor is represented with a 32 bit number, having 1 bifonverting the data from the A/D converters to fixedhpoi
for the sign, 6 bits for the integer part and 25 bitstf@r  to be processed in the FPGA is required, and back again
fractional part. The 6 bits for the integer part aneugh to  from fixed point to the physical representation, for
represent the values of the currents flowing througtstee  generating the currents in the current source, apdhe
motor since they will never exceed 4 amperes in thp st current supply needs to be faster than the PWM signals to
motor, the angle of the shaft is maximally accurately simulate the alternation of the current.
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Fig. 6. Step Motor Emulator block diagram.



4.3. A Coil-based Real-Time Step Motor Emulator 5. RESULTS
An inductor is present in the electrical model of the  This section discusses the experimental evaluation of
motor as shown in Figure 4; the value of the inductiercef  the three approaches.
the current flowing through the motor. Therefore, plgan
inductor across the outputs of the voltage signals coming.1. Constant Frequency Step Motor Emulator
from the EC is presented as the third approach for Figure 8 shows the voltage signals reflecting the ntirre
simulating the sinusoidal behavior of the current in tep s flowing through the RC filter. The RC filter helps to
motors. reproduce the time constant of the motor but it doeselp
Figure 6 presents the block diagram of this methodo reproduce the behavior of the current in the stemmot
while Figure 7 shows the implementation. The block 257
diagram consists of: :
A Motor Behavioral Smulation block in charge of E2:
simulating the behavior of the step motor that incluses '
inductors (coils) in series with a resistor. The cbidve a
value of 1mH and are used to generate the sinusoidal curre ~ 1o b
similar to the one flowing through the phases in a ste|
motor; the nominal inductance value of the motor is 2.8mH  ©°5 :
which made us decide to have in the first design three 1m , > 1 -
inductors in series. After increasing the frequency raqdes I
by the driver, however, a better performance is obtaiyed
using only two 1mH inductors in series.

156 [ttt

Voltage (V)

5 lIO- B .15- 20 25 30 35 -40- - -45-
Fig. 8. Oul:}i){l:ntsesci)gnal.

The square output signal does not allow us to identify
all the steps. It does allow us to interpolate misstegss
since two steps can be distinguished, as seen in F&jure
where we see the 2 steps of 1 milliseconds representing
steps of 1 KHz.

Even when using four different resistor values to
generate all the -current levels (£38.27%, +70.71%,
+92.39%, +100%) from the step motor driver, a varying
frequency poses problems, since it is not possible tatdete
frequency change of the steps; a similar result occueswh
having only one resistor value demanding only two current
levels, as in Figure 9 where the nominal value of the

_ A Step Detection block that is in charge of reading the feqyency is 2 KHz, and 0.5ms can be read from the graph
digital signals from the A/D converter; these voltagesle detecting the step
| .

are compared with the current levels in Figure 2 and sepu
is generated every time a new microstep is detected.

An Encoder Sgnal Generator block that is in charge of
generating the two encoder signals from the informatio
from the Step Detection block for feedback to the HIL
simulator. J J

A Fault Injection block that receives the encoder B SR Sarm
signals from the Encoder Signal Generator block and ime(msec)

commands from the UART controller with the faultsb® Fig. 9. Output Signal with a nominal frequencythz.
injected. Based on these commands this block will

potentially modify the encoder signals before sending therg 2. Load Inductive Simulator for a Step Motor
out of the emulator. A script in Matlab was created to verify the results of
An UART controller block that is in charge of the differential equation solver in VHDL. The Euler

managing the serial communications between a computer @fas implemented in Matlab using fixed point numbers and

the HIL simulator and the emulator. This block will sendthe results were compared with the results of an already

commands to the fault injection block requesting theested Matlab simulation of the step motor using Simulink

injection of faults. Figure 10 shows the result of applying the Euler
method to the fixed point numbers implemented in Matlab,

ke
Fig. 7. Coil-based real-time step motor emulator.
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the currents in the vertical axis are in fixed pointation  phase A" and "Voltage in phase B" waves). These voltages
and need to be converted to the physical representati@man now be sent to the A/D converter and their digahles
(using the decimal point). The VHDL simulation resultsto the FPGA.

show that the equations can be solved within 1us, making Yohege biphume
. . 'oltage in phase
suitable for creating the emulator. "
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) ) Fig. 12. 1KHz Step Pulse and Output voltages ofiseumentation
5.3.Coil-based Real-Time Step Motor Emulator Amplifiers.

We consider the blocks of Figure 6 to present the
results for the coil-based emulator. At the end of this 533 step Detection Block Results
section, we consider how well the approach scales wiee In Figure 2, the current levels for each step were

want to realize multiple emulators in a single FPGA. presented as a percentage of the maximum currgg) (I
) ) _ flowing through the step motor. After the Signal
5.3.1. Motor Behavioral Simulation Block Results  conditioning block, the voltage levels can similarly be
After the motor behavioral simulation block the cafre jgentified as a percentage of the maximum voltage. These
generated with the PWM inputs from the EC has gjtage percentage levels are compared against the current-
sinusoidal behavior thanks to the effect the inductorsecauseye| sequence from Figure 2 and a step pulse is generated

in the currents. High (1.62A peak) or low current modesyery time a new step is detected as shown in Figure 12
(0.8A peak) are available in the EC for controlling theps  \yith the step_out pulses wave.

motors; using higher currents means increasing tlyei¢oof

the step motor. Figure 11 shows the current flowing through 534 Encoder Signal Generator Block Results

one of the coils when 1 KHz is requested by the stepmot  The outputs of the Encoder Signal Generator block are

d”‘ﬁr- The distance between microsteps is 1 ms K two waves simulating the encoder signals as presented in
: : : : i ; ; ; ; Figure 13 ("Acncoder Signal” and "Bneoger Signal”). While

one encoder signal is sufficient to count the nunolbsteps

(4 steps per cycle), two encoder signals are used toatedi

also the direction of the step motor. These signats ar

generated based on the spiky signal generated in the Step

Detection block.

Current (A)

AEncoder signal
# \Voltage in phase A

0 2 4 [ 8 10 12 14 16 18 20 - B_E"Clm‘ﬂ-' signal
time (msec)
Fig. 11. Low current through the circuit for 1 KHz. 35 L U_ﬂ{]:vww ’{LJ‘LJ‘)’[?UWT
3.0 T

5.3.2. Signal Conditioning Block Results ; L\. I " ‘

After the Motor Behavioral Simulation block the Sl TR ”"';;M.J,]” "«,ﬂﬂ" “L,,' Lot
current formed by the interaction of the voltages-\and 20 | L*l '
V- has a sinusoidal behavior; these two voltages are E by |l | i ‘
reduced to lower values with a voltage divider and then § W‘M T
combined in an instrumentation amplifier into one ok e il ™
signal (signal conditioning) finalizing the conversion from 05 5
current to voltage; an offset is also added to forceitiveak [ ] [
to vary only between positive values. The results thee I AN B TR

sinusoidal voltage waves shown in Figure 12 ("Voltage in Fig. 13. 1KHz Encoder Signal and Voltage sig



5.3.5. Fault Injection Block Results The rest of the ports (disabled ports) are used for other
The encoder signals pass through the Fault Injectionomponents like VGA outputs, mouse and keyboard
block where they will be modified if a fault injection connections, etc. Therefore, an FPGA development kibtis
command has been received from the HIL simulator o€ a Pthe best choice for emulating more than one step motor
through the serial port. Choosing an FPGA solution for the complete HIL simulato
lornei would make more ports available for step motor emulators,
BEncoser sgnal and it would have the additional advantage that the encoder

signal generation can be omitted.

3511 r 7 AL/
o [P P M | 6. CONCLUSIONS
F ha I mJ Table 1 presents a comparison between the three
= : ‘ different approaches, where “+” represents the best
L A ik i R i performing option, “0” represents medium performance and
' i “-" the lowest performance.
T- ‘;,,: R R e i The Load Inductive simulator is the best option for
Lm'm.w 't varying frequencies since the emulator presented in this
05 I e work starts to miss steps with frequencies above 7KHz; for
f : the simplicity criterion, the coil-based emulator is a much
I R B NI ECRNET e_asier solutiqn compared to the Load _Inducti_ve simulgtor,
Fig. 14. 1 KHz Step Pulse and Voltages. since _there is no need to solve the differential egugtio
) L there is also no need to externally generate the dartieat
Figure 14 shows the result of the fault injection in theéye griver needs and less electronics components ededie
generated encoder signals; in Figure 14 both encoder signgd, generality, the Load Inductive simulator is the best
were high when the fault injection command to skip stepgion since it can emulate all kinds of inductive loads,
was read; between 4 and 5 milliseconds the motor goes %ﬁ‘lile the coil-based emulator presented in this wodniy
normal function and the encoder signals starts to gamna ¢, sten motors, due to the constraints of finding coith &
until the time reaches 12 milliseconds when the command 'mgh inductance or with a high current. Famber of 1/0
simulate the step motor breaking down is received, i@avi norts the emulator presented in this work needs less ports
the encoder signals in the last position they werenwhe o5 the Load Inductive simulator since there are less
fault injection command was received. electronics components to control.

by

Voltage (V)
e
i
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536 DeVice Ut|I|Zat|0n COMPARISON BET-I\;\'I?E?EEE'I'I:E THREE METHODS

Considering a linear increase in the number of :
resources in the FPGA when emulating multiple step Constant |n53§t?ve gggﬁﬁe&tep
motors, we can conclude from Figure 15 that the used Frequency | qilator | Motor Emulator
FPGA (a Virtex 4 in the ML403 Embedded Platform) has| varying Frequencies - + 0
enough slices and LUTs for creating up to 10 step motors i Simplicity + 0 +
the same FPGA. The limitation is the number of ports Generality - + 0
needed for the emulation (IOBs): the development board _Number of /O ports + 0 +
assigns only 14.37% of the ports of the FPGA for general Low/High Current modes 0 * 0
purpose, and 69.56% of these ports are used for the stepper—_Fault Injection * * *
emulator. Aceuracy 0 * *

Device Utilization

For LowHigh current modes, the Load Inductive
simulator can emulate all kinds of currents since it uses

100%

= external power supplies while the emulator presented in this
%5 work is limited to the coils used. All of the approaches
0% = allow fault injection. The Constant Frequency emuleagafi
9‘6 little value, because it is dominated in all aspectshay t
emulator using coils. If the constraints for the ceaitéd
7.8% [ 3.82% [ 7.42% QEEIASEY emulator are met, we believe that this emulator previtle
) [ ] best compromise between all the criteria. The emulailb
0% Sices  Siice  LUTs  10Bs  GCLKs be of great help for Hardware-in-the-Loop simulators. It
Flip Flops represents a new option for automatic testing (thereoi

Fig. 15. Resource usage of one step motor emulator need for physical interaction); it is able to do fanjection
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