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FIELD ORIENTED CONTROL OF STEP MOTORS 

BHAVINKUMAR SHAH 

ABSTRACT 

 

     Despite recent performance improvements in step motor modeling and control 

algorithms, open-loop control still falls significantly short of achieving maximum motor 

performance. Step motors, which are often used in industrial applications, can exhibit 

stepping resonance and skipped steps. Field oriented control can eliminate resonance 

anomalies and skipped steps. The maximum theoretical performance from the step motor 

can be derived by driving a step motor with field oriented control rather than stepping.      

In field oriented control, the motor input currents are adjusted to set a specific angle 

between the stator magnetic field and rotor magnetic field. From basic motor theory, 

when the stator magnetic field vector is maintained at a phase angle of 900 ahead of the 

rotor magnetic field, maximum torque is produced. The torque varies with the sine of this 

torque angle between the stator and rotor magnetic field vectors. By sensing rotor 

position, the phase of the rotor magnetic field can be determined and the current 

excitation kept 900 ahead of it. At this optimal torque angle, maximum torque is available 

(for given power supply voltage) under steady-state and transient operation. This 

approach is not widespread because electronic components historically have constrained 

drives to simple schemes such as stepping, and the full dynamic theory of electric 

machines was not worked out until the 1980’s. The resulting performance advantages of 

field oriented control over stepping compensate for the additional circuit cost and 

complexity.  
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     Figure 22 shows a block diagram of the ADSP-2101 architecture. The processors 

contain three independent computational units: the ALU, the multiplier/accumulator 

(MAC), and the shifter. The computational units process 16-bit data directly and have 

provisions to support multiprecision computations. The ALU performs a standard set of 

arithmetic and logic operations; division primitives are also supported. The MAC 

performs single-cycle multiply, multiply/add, and multiply/subtract operations. The 

shifter performs logical and arithmetic shifts, normalizations, demoralization, and derive 

exponent operations. The shifter can be used to efficiently implement numeric format 

control including multiword floating-point representations. 

Figure 22. ADSP-2101 Block Diagram 

 

3.6.1 Data Transfer 

The internal result (R) bus directly connects the computational units so that the output of 

any unit may be used as the input of any unit on the next cycle. A powerful program 

sequencer and two dedicated data address generators ensure efficient use of these 
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computational units. Two data address generators (DAGs) provide addresses for 

simultaneous dual operand fetches. Each DAG maintains and updates four address 

pointers. The circular buffering feature is also used by the serial ports for automatic data 

transfer to on-chip memory. 

Efficient data transfer is achieved with the use of five internal buses: 

•  Program Memory Address (PMA) Bus 

• Program Memory Data (PMD) Bus 

• Data Memory Address (DMA) Bus 

• Data Memory Data (DMD) Bus 

• Result (R) Bus 

     The two address buses (PMA, DMA) share a single external address bus, allowing 

memory to be expanded off-chip, and the two data buses (PMD, DMD) share a single 

external data bus. The BMS, DMS, and PMS signals indicate which memory space is 

using the external buses. The memory interface supports slow memories and memory-

mapped peripherals with programmable wait state generations. External devices can gain 

control of the processor’s buses with the use of the bus request/grant signals (BR, BG).  

  

3.6.2 Serial Ports 

The ADSP-2101 processor includes synchronous serial ports (“SPORTs”) for serial 

communications and multiprocessor communication. The ADSP-2101 processor has two 

serial ports (SPORT0, SPORT1). SPORT0 is used to take data in from the A/D converter 

and SPORT1 is used to transmit PWM data to the PWM generator circuit for windings A 

and B. A wide variety of framed or frameless data transmit and receive modes of 
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operation are available on the serial ports. Each SPORT can generate an internal 

programmable serial clock or accept an external serial clock. The serial clock is generated 

internally on both serial ports in the SMC3. SPORT0 provides a multichannel interface to 

selectively receive or transmit a 24-word or 32-word, time-division multiplexed serial bit 

stream. SPORT0 is used to select one channel from the four-channel A/D converter. Each 

serial port has a 5-pin interface consisting of the signals given in Table 3. Writing to a 

SPORT’s TX register readies the SPORT for transmission; the TFS signal initiates the 

transmission of serial data. Once transmission has begun, each value written to the TX 

register is transferred to the internal transmit shift register and subsequently the bits are 

sent, MSB first. Each bit is shifted out on the rising edge of SCLK.  After the first bit 

(MSB) of a word has been transferred, the SPORT generates the transmit interrupt. The 

TX register is now available for the next data word, even though the transmission of the 

first word is ongoing. In the receiving section, bits accumulate as they are received in an 

internal receive register. When a complete word has been received, it is written to the RX 

register and the receive interrupt for that SPORT is generated. 

 

 Signal Name  Function 

 SCLK  Serial Clock (I/O) 

 RFS  Receive Frame Synchronization (I/O) 

 TFS  Transmit Frame Synchronization (I/O) 

 DR  Serial Data Receive 

 DT  Serial Data Transmit 

 
Table. 3 Interface Signal   
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3.6.3 Interrupts 

The ADSP-2101 processor can respond to several different interrupts. Three external 

interrupt input pins, IRQ0, IRQ1, and IRQ2, are available.  IRQ2 is always available as a 

dedicated pin; IRQ1 and IRQ0 may be alternately configured as part of Serial Port 1. The 

ADSP-2101 also supports internal interrupts from the timer, and the serial ports. The 

interrupts are internally prioritized and individually maskable (except for RESET which 

is non-maskable). The IRQx input pins can be programmed for either level- or edge-

sensitivity. In the SMC3 the IRQx input pins are programmed for edge sensitivity. The 

ADSP-2101 processor can provide either: one external interrupt (IRQ2) and two serial 

ports (SPORT0, SPORT1), or three external interrupts (IRQ0, IRQ1, IRQ2) and one 

serial port (SPORT0). In the SMC3 IRQ0 and IRQ1 are not used because SPORT1 is 

configured as a serial port. IRQ2 is generated from external PWM counter overflow, 

which occurs every 25.6 �s. A programmable interval timer can generate periodic 

interrupts. A 16-bit count register (TCOUNT) is decremented every n cycles, where n-1 

is a scaling value stored in an 8-bit register (TSCALE). When the value of the counter 

register reaches zero, an interrupt is generated and the count register is reloaded from a 

16-bit period register (TPERIOD). In the SMC3 TSCALE is fixed to 0 and TPERIOD is 

fixed to 199. So the timer interrupt comes every 10 �s.  

     When an interrupt request occurs, it is latched while the processor finishes executing 

the current instruction. The interrupt request is then compared with the interrupt mask 

register (IMASK), by the interrupt controller. If the interrupt is not masked, the program 

sequencer pushes the current value of the program counter (which contains the address of 

the next instruction) onto the PC stack. This allows execution to continue, after the 
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interrupt is serviced, with the next instruction of the main program. The program 

sequencer also pushes the current values of ASTAT, MSTAT, and IMASK register onto 

status stack. ASTAT, MSTAT, and IMASK are stored in this order, with the MSB of 

ASTAT first, and so on. When IMASK is pushed, it is automatically reloaded with a new 

value that determines whether or not interrupt nesting is allowed. The processor then 

executes a NOP while simultaneously fetching the instruction located at the interrupt 

vector address. Upon return from the interrupt service routine, the PC and status stacks 

are popped and execution resumes with the next instruction of the program. 

 

3.6.4 System Clock 

The ADSP-2101 processor’s CLKIN input may be driven by a crystal or by a TTL-

compatible external clock signal. The CLKIN input may not be halted or changed in 

frequency during operation, nor operated below the specified low frequency limit. 

Because the ADSP-2101 processor includes an on-chip oscillator circuit, an external 

crystal may also be used. In the SMC3 an external crystal is used which is mounted on 

the ECB bottom side. The crystal is connected across the CLKIN and XTAL pins, with 

two capacitors connected as shown in Figure 23. A parallel-resonant, fundamental 

frequency, microprocessor-grade crystal is used. 
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Table 4 shows the pin definitions for the ADSP-2101. 

  

Pin 

Name(s) 

Number 

of Pins 

Input/ 

Output 

 

Function 

Address   

 (A0-A13) 

14 O Address output for program, data and boot 

memory 

Data  (D0-D23) 24 I/O Data I/O pins for program and data 

memories. Input only for boot memory, 

with two MSBs used for boot memory 

addresses. Unused data lines may be left 

floating. 

RESET 1 I Processor Reset Input 

IRQ2  1 I External Interrupt Request 

BR2 1 I External Bus Request Input 

BG 1 O External Bus Grant Output 

PMS 1 O External Program Memory Select 

DMS 1 O External Data Memory Select 

BMS 1 O Boot Memory Select 

RD 1 O External Memory Read Enable 

WR 1 O External Memory Write Enable 

MMAP 1 I Memory Map Select Input 

CLKIN, XTAL 1 I External Clock or Quartz Crystal Input 

CLKOUT 1 O Processor Clock Output 
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VDD   Power Clock Output 

GND   Ground Pins 

SPORT0 5 I/O Serial Port 0 Pins (TFS0, RFS0, DT0, DR0, 

SCLK0) 

SPORT1 5 I/O Serial Port 1 Pins (TFS1, RFS1, DT1, DR1, 

SCLK1) 

Or Interrupt & 

Flags: 

   

IRQ0 (RFS1) 1 I External Interrupt Request  

IRQ1 (TFS1) 1 I External Interrupt Request 

FI (DR1) 1 I Flag Input Pin 

FO (DT1) 3 O Flag Output Pin 

 

Table 4. ADSP-2101 Pin Definitions 
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CHAPTER IV 

CURRENT CONTROL IN STEP MOTORS 

 

Sensorless motor control obtains the speed and position of the motor directly from the 

voltage of the motor winding. If the sources across motor windings appear as voltage 

sources, then the sensed winding voltage is just the output of H-bridge, not the induced 

voltage. If the winding current is controlled then the sources driving the motor windings 

appear as current sources rather than voltages sources, which allows sensing of the motor 

induced voltages across the windings to obtain their zero-crossings for sensorless motor 

control. In this chapter the transfer function of the step motor is derived and various 

motor parameters are calculated. This information is used to simulate the SMC3 system 

using Matlab Simulink to find proper the tuning parameters of a PID controller for 

current control, and simulation results are compared with experimental results. 
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4.1 Motor Equivalent Circuit 

When the motor rotates, the rotor rotates in the stator magnetic field. The induced emf 

appears across the rotor terminal as an internally generated voltage Eb. Therefore, the 

equivalent electrical circuit of the motor is the impedance at stall, connected in series to a 

voltage source, Eb. The motor resistance is represented as R and motor inductance as L 

[12]. This equivalent circuit is shown in Figure 24. 

 

Figure 24. Per Phase Equivalent Circuit 

 

So according to Kirchoff’s voltage law, the motor voltage is given by, 

V  = bERI
dt
dI

L ++           (4.1.1) 

The motor back emf bE  is proportional to the motor velocity� . The voltage constant is 

represented as KE. It is an important motor characteristic since it will determine the speed 

of the motor at given value of applied voltage. 

bE  = �K E             (4.1.2) 

The above two equations can be combined into the following equation. 

ω++= EKRI
dt
dI

L V           (4.1.3) 

Since the magnetic field in the motor is constant, the current produces a proportional 

torque 
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T = IK T             (4.1.4) 

The constant friction torque can be represent as fT and the viscous friction torque which 

is proportional to the velocity can be represent as D� . The opposing torque in the motor, 

mT , is given by 

mT = D�Tf +                        (4.1.5) 

If motor is coupled to a load, the relation between torque and velocity is given by  

T  = ( ) LfLm TTD�
dt
d�

jj ++++          (4.1.6) 

where Lj  represent the load moment of inertia, mj represent the rotor moment of inertia,  

and LT  represent the load opposing torque.  

The above equation is the dynamic equation of the motor, and it describes the relation 

between the electrical and mechanical variables. 

 

4.1.1 Motor Transfer Function 

When the motor is used as a component in a system, it is desired to describe it by the 

appropriate transfer function between the motor voltage and its velocity. For this purpose 

assume TL=0 and Tf=0, since neither affects the transfer function. If we now apply a 

Laplace transformation to the motor equations, we get: 

( )sV  =  ( ) ( ) ( )sKsIRsL Eω++                  (4.1.7) 

( )sT  = ( )sIK T             (4.1.8) 

T(s) = ( ) ( ) ( )sDssjj Lm ω+ω+            (4.1.9) 

The total moment of inertia J is given by  

J  = Lm jj +                       (4.1.10) 
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By using equation (4.2.2) and (4.2.3) we obtain an expression for the current: 

( )sI  = ( ) ( )s�DsJ
K
1

T

+��
�

�
��
�

�
                                   (4.1.11) 

 Combine Equation (4.1.11) and Equation (4.1.7) to form 

( )sV  = ( )( ) ( ) ( )s�Ks�DsJRsL
K
1

E
T

+++                                (4.1.12) 

The corresponding transfer function is  

( )sG m  = 
( )
( )sV
s�

                         (4.1.13) 

             =  ( )( ) TE

T

KKDsJRsL
K

+++
                       (4.1.14) 

The motor impedance is given by; 

( )sZ = 
( )
( )sI
sV

 =  
( )( ) ( )

( )DsJ
KKs�DsJRsL TE

+
+++

                      (4.1.15) 

 The torque constant is always related to the voltage constant in the following way: 

TK  = EK     ��

	

�

�

A
Nm

                      (4.1.16) 

By using proper units for the torque constant, the motor impedance is given by 

( )sZ  = 
( )
( )sI
sV

  =  
( )( ) ( )

( )DsJ
Ks�DsJRsL 2

T

+
+++

                    (4.1.17) 

 

4.1.2 Torque Constant 

The torque constant is measured by operating the motor as a generator at a constant 

velocity [13]. The torque constant is given by the following relationship 
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TK = ��
�

�
��
�

�

speed mechanical
 voltageinduced

       ( )ecvolt/rad/s                  (4.1.18) 

      = ��
�

�
��
�

�

∗∗ frequency mechanical14.32
 voltageinduced

                    

frequency mechanical = ( )frequency electrical
2 ∗��
�

�
��
�

�

p
      

where p is number of poles in motor.  

 

 

Figure 25. Winding Back-emf Voltage 

             

The induced voltages (back-emfs) for both windings A and B while running the SMC3 

motor as a generator is shown in Figure 25. From the waveform shown in Figure 25, 
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frequency mechanical  = �
�

�
�
�

�∗�
�

�
�
�

�

00574.0
1

100
2

                 

            =  484.3                           

So torque constant for SMC3 motor is obtained as 

TK  = ( )���
�

��
�

�

∗∗ 484.314.32
1.24

                                                                                          

TK = 1.01 ��

	

�

�

A
Nm

                      (4.1.19) 

 

4.1.3 PID Controller 

The PID controller looks at the current value of the error, the integral of the error over a 

recent time interval, and the current derivative of the error signal, to determine how much 

of a correction to apply and for how long.  Each of those three quantities are multiplied 

by a tuning constant and added together. Thus the PID output u(t) is a weighted sum as 

explained by following equation. 

( )tu  = PK  e + 
 eK I td  +
dt
de

K D                  (4.1.20) 

By adjusting the weighting constants Kp, KI, and KD, the PID controller can be set to give 

the desired performance. 

     As explained so far, continuous time domain and analog variables are considered in 

PID control. In the SMC3, the PID algorithms have been implemented in DSP. This 

means that the PID controller operates in discrete time and deals with analog signals 

quantized to a limited number of levels. To discretise the controller, the integral and 

derivative terms of the controller have to be approximated. The integral becomes a sum 



    

   70  

and the derivative becomes a difference. The continuous time signal e(t) is sampled at a 

sample period T.  Thus discrete PID control can be described by the following equation. 

( )tU  = PK ( )te + IK T ( )� ne + ( ) ( )[ ]1kekeK D −−                               (4.1.21) 

 

4.2 SMC3 Open-Loop Simulink Model 

 

Figure 26. SMC3 Open-Loop Model 

 

The SMC3 open-loop Simulink model is shown in Figure 26 [14]. The potentiometer is 

used to set the reference quantity (speed or torque). The potentiometer inputs to the DSP. 

The DSP generates two sinusoidal waveforms with frequencies and amplitudes computed 

by the DSP. The sine waves are in PWM form as PWM duty ratios. The sine waves are 

applied to the motor windings through two full H-bridge power drivers (one for each 

winding). The motor current is measured as a scaled analog voltage which is the output of 

the LM293 amplifier.  
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 4.2.1 SMC3 Closed-Loop Model 

 

Figure 27. SMC3 Closed-Loop Model 

 

 The model shown in Figure 27 is an equivalent hardware configuration for the current 

controller, which has been implemented in software inside the DSP. In this control 

method the magnitude of the current flowing into the winding is controlled using a 

control loop with current feedback. The current in a motor phase winding is directly 

measured with a current sense resistor connected in series with the phase. The pulse 

width modulation (fixed frequency of 39.0625 KHz) signals with varying duty cycle is 

used for current regulation. The current is compared with a desired value of current 

(potentiometer reference), forming an error signal. The current error is compensated via 

the PID regulator, and an appropriate control action is taken as shown below 

errorI  = fbref II −           (4.2.1) 

newduty_cycle = oldcycleduty −  + ( )1kKp EEK −−       (4.2.2) 

If ≥newduty_cycle  max_duty         
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then newduty_cycle  = max_duty         

If newduty_cycle  ≤  0           

then newduty_cycle  = 0  

The waveform shown in Figure 28 is the simulated winding current of the motor. The 

closed-loop model shown in Figure 27 is used to model the SMC3 system and motor 

winding. The potentiometer (reference) input is set at 5 V.  

 
 

Figure 28. Simulated Winding Current 
 
 
The waveform shown in Figure 29 is the experimental result of the winding current at 

5 V potentiometer (reference) input. 

     The experimental winding current is quite noisy compare to simulated winding current 

because of transistors switching. In spite of assumptions made in simulation and in the 

formation of the equivalent closed loop model, simulation and experimental results are in 



    

   73  

close agreement. The average (and peak) values of the winding currents (experimental 

and simulated) matches reasonably well, which is important in terms of PID controller 

tuning.  

 

 
 

Figure 29. Experimental Winding Current 

 

4.2.2 PID Controller Tuning  

Proportional action is typically the main drive in a control loop.  The proportional gain, 

Kp, reduces a large part of the overall error. Kp provides the instantaneous error correction 

and is independent from the sampling time value. The higher the Kp, the lower will be the 

error and the better will be the dynamic response. Taking a very high value for Kp will 
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oscillate the system. Proportional action alone can not reduce the steady-state error. The 

value of proportional gain of 0.1 provides satisfactory results for SMC3 current control. 

The dynamic response of the system is fast enough and steady-state error is not that high.  

     Integral action reduces the final error in a system. Summing even a small error over 

time produces a drive signal large enough to move the system towards a smaller error. 

The higher the integral gain KI, the faster will be the error cancellation and the better will 

be the dynamic response. The SMC3 system is not using integral control. Adding integral 

control will reduce steady-state error but at same time will increase the response time of 

the system. 

     Derivative action speeds up the system response by adding in control action 

proportional to the rate of change of feedback error. Consequently this is susceptible to 

noise in the error signal, which limits derivative gain. The SMC3 system is not using 

derivative action. 
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CHAPTER V 

SENSORLESS STEP MOTOR CONTROL 

 

 The sensed winding current is quite noisy because of the switching transistors. So better 

current estimation can be obtained by using a Kalman filter. In order to implement 

sensorless step motor control it is necessary to know the position of the rotor. The DSP 

can compute rotor position using sophisticated rotor-position estimation algorithms, such 

as a Kalman filter that extracts estimates of the rotor position from measurements of the 

motor voltage and current [15-16]. This estimator relies on the real time implementation 

of a sufficiently accurate model of the motor in the DSP. This chapter describes in brief 

the Kalman filter and its application for sensorless control of the SMC3 system. 

 

5.1 Kalman Filter 

 The Kalman filter was developed by R.E. Kalman in 1960 [17]. Due to advances in the 

development of digital computing, the Kalman filter is a subject of extensive research and 

application. Kalman filtering has been applied in the areas of aerospace, navigation, 

manufacturing, and many others.  
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     The Kalman filter provides a means for inferring missing information from indirect 

(and noisy) measurements. It provides the optimal (minimum variance) state estimate 

when the dynamic system is linear and the statistical characteristics of the various noise 

elements are know [18]. The system can be described with following equation. 

x� = BwBuAx ++       (System)         (5.1.1) 

y = Cx+ Dv  (Measurement)        (5.1.2) 

where x is the state, y is the measurement, u is the control input, and w and v are the 

system and measurement noise. The measurement vector could be a function of the 

control as well as the state. The assumptions regarding the noises are that these noises are 

stationary, white, uncorrelated, and their expectation is zero.  The definition of the 

covariance matrices of these noises is: 

( ) { } QwwEwcov T ==          (5.1.3) 

( ) { } RvvEvcov T ==           (5.1.4) 

where E{.} denotes expected value. 

The overall structure of the Kalman filter leads to the system equation: 

( ) KyBux̂KCAx̂ ++−=�          (5.1.5) 

where K denotes the Kalman gain matrix. The setting of the matrix K depends on the 

covariance of the noises. 

The quality of measurement of the goodness of the observation is given by; 

( ) ( ){ }
 −−= dtx̂xx̂xminEH T          (5.1.6) 

H can be minimized by choosing K as; 

K = PCTR−1                (5.1.7) 

where P can be calculated from the solution of the following equation: 
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PCTR−1 CP- AP- PAT – Q = 0         (5.1.8) 

Q and R have to be set up based on the stochastic properties of the corresponding noises. 

Since these are usually not known, they are used as weight matrices in most cases.  

 

5.1.1 Discrete-Time Kalman filter 

The discrete-time linear system can be modeled as; 

xk = Ak-1xk +Buk-1 +wk-1             (5.1.9) 

The measurement equation can be modeled as; 

yk = Ckxk+vk                     (5.1.10) 

where k is the time index. 

The system noise is white and zero-mean: 

E(wk)=0                     (5.1.11) 

E(wkwT
k)=Qk                       (5.1.12) 

E(wkwT
j)=0    (k�j)                   (5.1.13) 

The measurement noise is white, zero-mean, and uncorrelated with the system noise: 

E(vk)=0                     (5.1.14) 

E(vkvT
k)=Rk                           (5.1.15) 

E(vkvT
j)=0    (k�j)                    (5.1.16) 

E(vkwT
j)=0                     (5.1.17) 

The discrete-time Kalman filter recursive generation can be expressed in five equations: 

(1) State Estimate Extrapolation (Propagation) 

(2) Covariance Estimate Extrapolation (Propagation) 

(3)  Filter Gain Computation 
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(4) State Estimate Update 

(5) Covariance Estimate Update 

The discrete-time Kalman filter can be implemented as follows: 

State estimate extrapolation: 

1k1k1k1k1k/k uBx̂Ax̂ −−−−− +=                 (5.1.18) 

Covariance estimate extrapolation: 

1k
T

1k1k1k
T

11/kk1k1k/k BQBAPAP −−−−−−−− +=               (5.1.19) 

Kalman filter gain: 

1
k1k

T
1kk1k1k

T
1kkk ]RCPC[CPK −

−−−−− +=               (5.1.20) 

State estimate update: 

]x̂Cy[Kx̂x̂ 1kk1kkk1kkk −−− −+=                (5.1.21) 

Covariance estimate update: 

1
1k

1
k1k

T1
1k/kk/k ]CRC[PP −

−
−

−
−

− +=                  (5.1.22) 

The 1kkx̂ −  denotes the state estimate that results from the propagation equation alone, 

1kx̂ − is the correlated state estimate that accounts for the measurements and 1kkP −  and kP  

are defined similarly. 

 

5.1.2 Extended Kalman Filter (EKF) 

The extended Kalman filter is used if the process to be estimated or the measurement 

relationship to the process is non-linear. The extended Kalman filter retains the linear 

calculation of the covariance and the Kalman gain matrices, and it updates the state 

estimate using a linear function of a filter residual using original nonlinear equations for 
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state propagation and definition of the output vector. The extended Kalman filter 

linearizes about the current mean and covariance. 

Assuming the system has a state vector x  and the system is governed by the non-linear 

difference equation 

( )1k,1k1kk wu,xfx −−−=                 (5.1.23) 

with the measurement y which is 

( )kkk v,xhy =                               (5.1.24)  

In practice, it is not possible to know the value of the process noise wk-1 and measurement 

noise vk-1 at each time step and we can still estimate the state without them as 

( )0u,x̂fx̂ ,1k1kk −−=  

( )0,x̂hŷ 1-kk =  

The extend Kalman filter can be expressed as; 

State estimate extrapolation: 

( ),0u,x̂fx̂ 1k1k1kk −−− =                 (5.1.25) 

( ) 1k1k1k1-k1k1k uBx̂A,0u,x̂f −−−−− +=                          (5.1.26) 

Covariance estimate extrapolation: 

Q
x

f
P

x
f

P
1k1k1k1k x̂x̂

T

1k

x̂x̂

T

1kk +
∂

∂
∂

∂=
−−−− =

−
=

−               (5.1.27) 

where Q represents the system noise covariance matrix and it is defined as 

Q = E(wkwT
k)  

Kalman filter gain computation: 
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1

x̂x̂

T

1kk
x̂x̂x̂x̂

T

1kkk R
x

h
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x
h
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h

PK
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=
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==
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           (5.1.28) 

where R represents the measurement noise covariance matrix and it is defined as 

R = E(vkvT
k) 

State estimate update: 

))0,x̂(hŷ(Kx̂  x̂ 1kkkk1kkk −− −+=                (5.1.29) 

Covariance Estimate update: 

�
�

�

�

�
�

�

�

∂
∂−=

−−= 1k1kx̂x̂
kkk x

h
KIP                 (5.1.30) 

 

5.2 EKF Implementation for a Step Motor 

The extended Kalman filter implementation for a step motor requires three basic steps.  

(1) Continuous step motor model 

(2) Discretization of the step motor model 

(3) Simulation and real time implementation 

 

5.2.1 Continuous Step Motor Model 

The SMC3 system can be modeled from the motor equation derived in Section 4.1.1.  
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The system can be modeled as; 
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We are measuring current Ia and Ib. 
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5.2.2 Discretization of the Step Motor Model 

Since the Kalman filter will be implemented in a DSP, we will need a discrete version of 

the system. From the linear, time-varying differential equation model for a dynamic 

system given in Equation 5.2.1, the corresponding discrete time model is given by; 

xk = Adxk-1+Bduk-1                             (5.2.7) 

and the corresponding measurement model is given by; 

yk = Cdxk-1                             (5.2.8) 

The conversion is done by the following approximation; 

ATIeA AT
d +≈=                    (5.2.9) 
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BTBd�eB
T

0

A

d == 
                  (5.2.10) 

CCd =                             (5.2.11) 

where the input and output matrices of the continuous system are A, B, and C and those 

of the discrete system are Ad, Bd, and Cd. We are assuming that the step-time T is very 

small compared to the system dynamics. The discrete model of the step motor is given as; 
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5.2.3 Simulation and Real-Time Implementation 

The filter equation and matrix calculation for the extended Kalman filter implementation 

can be obtained as follows: 

(1)  State Estimate Extrapolation: 

State estimate extrapolation uses the dynamic system model to propagate the estimate of 

the state mean value to the next sampling instant without regard to new measurements. 

The non-linear dynamic step motor system is represented as 

( ),0u,xfx̂ 1k1k1k/k −−− =                            (5.2.14) 

 ( ) 1k1k1k1-k1k1k uBx̂A,0u,xf −−−−− +=
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   As mentioned before, the ADC has four channels. Channel-2 and Channel-3 are used to 

measure winding currents Ia and Ib as scaled analog voltages. The motor supply voltage V 

is measured by Channel-4 and each channel is sampled at 102.6 �s. 

(2)   Covariance Estimate Extrapolation: 

Covariance estimate extrapolation also uses the dynamic system model to propagate the 

covariance estimate matrix with reference to the known system noise covariance. 
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The system noise covariance matrix Q has the dimensions [4*4] and the measurement 

noise covariance matrix R has the dimensions [2*2]. If we assume components of the 

system noise to be uncorrelated with each other, Q would be a diagonal matrix, and we 

would only need to know four elements of the matrix. Similarly, if we assume the 

measurement noise covariance matrix R to be uncorrelated with each other, R would also 
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be a diagonal matrix. The winding currents Ia and Ib have the same noise characteristics. 

The system and measurement noise covariance matrices will be; 

�
�
�
�

�

	










�

�

=

44

33

11

11

q000
0q00
00q0
000q

Q                         �
�

	


�

�
=

11

11

r0
0r

R  

(3) Kalman filter gain computation: 

The Kalman filter gain computation is done by weighting the prior knowledge of the 

measurement noise with the state estimate covariance. The actual measurements have no 

effect on the gain computation. 
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(4) State estimate update: 

The state estimate update is done by adding the product of the gain matrix and the 

measurement residual to the state estimate propagation. The measurement vector is 

represented as 

( )0,x̂hŷ 1-kk =  

The state estimation at time k is given as; 

))0,x̂(hŷ(Kx̂  x̂ 1kkkk1kkk −− −+=                (5.2.17) 
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(5) Covariance estimate update: 

A similar correction is made to the covariance estimate, accounting for the known  

covariance measurement noise. 

1k/k
ˆˆ

kk/k P
x
h

IP
11
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�
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�

∂
∂−=

−− kkxx

K                  (5.2.18) 

     The necessary filter equations for EKF are derived in this chapter. The next step 

would be the implementation of the SMC3 model with the EKF in Matlab/Simulink. The 

EKF would be implemented in a Matlab file which would be inserted as an S-function in 

Simulink. Then the filter can be tuned to obtain the proper values for the system noise 

covariance Q and measurement noise covariance R. Once Q and R are known, the EKF 

can be implemented in a DSP for real time step motor sensorless control. 
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CHAPTER VI 

CONCLUSIONS AND FUTURE RESEARCH 
 
 

This thesis makes two primary contributions to the literature. First, it demonstrates how 

field oriented control can be used in step motors, and provides experimental results 

showing its implementation. With the current emphasis on energy conservation, the 

electric drive has to be made more efficient and smoother. The open-loop performance of 

step motors is limited due to the lack of control of the torque angle of the step motor, 

while field oriented control adjusts the step motor torque angle to achieve maximum 

performance of the motor. Field oriented control also eliminates skipped steps and 

stepping resonance which is a common problem in stepping control. But it is more 

expensive compared to stepping control in terms of circuit components and complexity in 

circuit and software design. Driving the step motor using SMC3 drive by stepping mode 

requires much less powerful micro-processor and software coding is much simpler as it 

does not require complex filed-oriented software routine. 

     The second contribution of this thesis is that it shows how a Kalman filter can be used 

to implement sensorless field oriented control of step motors.  As explained earlier, the 

sensed winding current is quite noisy and a Kalman filter provides better winding current 
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estimation. Sensorless field oriented control of step motors provides a cost effective  and 

more reliable system as it uses less physical components than encoder-based systems. 

     The next step in SMC3 design is to implement sensorless step motor control. The 

basic approach on how to implement sensorless step motor control is given in this thesis. 

The system noise covariance Q and measurement noise covariance R will be tuned so that 

real time step motor sensorless control can be implemented in DSP. Once sensorless 

control is implemented, speed control [19] or torque control can be implemented using 

various advanced control strategies (optimal control [21], fuzzy logic [22], H� control 

[23], etc.). 
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APPENDIX A 
SOFTWARE LISTING 

 
{**********************************************************************} 
 
{ SMC3F.DSP } 
{ encoder-based closed loop control } 
{ automatic phase reference alignment on DSP reset } 
{ You can set the variable open_loop=1 to achieve open loop control. } 
{ You can set the variable open_loop=0 to achieve closed loop control } 
{ using the encoder input. } 
 
.module/RAM/ABS=0 smc3f; 
 
{ Assemble-time constants } 
{ ADSP2101 addresses } 
 
.const SPORT1_Autobuf = 0x3fef; 
.const SPORT1_RFSDIV = 0x3ff0; 
.const SPORT1_SCLKDIV = 0x3ff1; 
.const SPORT1_Control_Reg = 0x3ff2; 
.const SPORT0_Autobuf = 0x3ff3; 
.const SPORT0_RFSDIV = 0x3ff4; 
.const SPORT0_SCLKDIV = 0x3ff5; 
.const SPORT0_Control_Reg = 0x3ff6; 
.const SPORT0_TX_Channels0 = 0x3ff7; 
.const SPORT0_TX_Channels1 = 0x3ff8; 
.const SPORT0_RX_Channels0 = 0x3ff9; 
.const SPORT0_RX_Channels1 = 0x3ffa; 
.const TSCALE = 0x3ffb; 
.const TCOUNT = 0x3ffc; 
.const TPERIOD = 0x3ffd; 
.const DM_Wait_Reg = 0x3ffe; 
.const System_Control_Reg = 0x3fff; 
 
.const counts_revel = 80; { encoder counts/electrical rev } 
                          { 1000 lines/rev, 4000 counts/rev } 
.const half_counts_revel = counts_revel / 2;  
.const fourth_counts_revel = counts_revel / 4; { 1/4 rev counts } 
.const phase_scale = 819; { scale phase: 32768/half_counts_revel } 
                          { 32768/40 = 819.2 => 819 } 
.const via_scale = 2; 
.const pro_gain = 5; 
.const ticks = 10000; { manual z-phase advance every "ticks" timer ints } 
.const timebase = 100; { how often to increment phase for open loop control } 
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{ Port address } 
.const Encoder_In = 0x0000; 
 
{ Data variables/buffers } 
 
.var/dm/ram open_loop; { flag for open loop control } 
.init open_loop: 0; 
 
.var/dm/ram ax0_reg; { register storage for interrupts } 
.var/dm/ram ay0_reg; 
.var/dm/ram ar_reg; 
.var/dm/ram ay1_reg; 
.var/dm/ram sr0_reg; 
.var/dm/ram sr1_reg; 
.var/dm/ram ADC_Control_reg; 
.var/dm/ram irq2_tick;   { irq2 clock } 
.init irq2_tick: 0; 
.var/dm/ram timer_tick;  { timer clock for manual z-phase advance } 
.init timer_tick: 0; 
.var/dm/ram advance_tick; { open loop control clock } 
.init advance_tick: 0; 
 
.var/dm/ram/circ pwm_buf[2]; { PWMB first, then PWMA } 
.init pwm_buf: 0x0000, 0x0000; 
 
.var/dm/ram tx1_flag; 
 
.var/dm/ram/circ adc_buf[4]; { Vspd } 
 
.init adc_buf: 900; 
 
.var/dm/ram magnitude; { current magnitude of sin/cos in 1.15 format } 
.init magnitude: 0; 
 
.var/dm/ram encoder[2]; { b7-b0: SW1 SW0 VZB VZA /STOP Z B A } 
                        { latest value at 0 index } 
.var/dm/ram encoder_cnt; { signed encoder count } 
.init encoder_cnt: 0; 
.var/dm/ram encoder_state[8]; { previous, present: B A } 
.init encoder_state: 0, -1, 1, 2, 1, 0, 2, -1; 
 
.var/dm/ram phase; { el phase, in encoder counts } 
.init phase: 0; 
.var/dm/ram Z_phase; { phase offset, in encoder counts } 
.init Z_phase: 0; 
.var/dm/ram/circ sin_coeff[5]; { signed; used by sine subroutine } 
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.init sin_coeff: 0x3240, 0x0053, 0xAACC, 0x08B7, 0x1CCE; 
 
.var/dm/ram angle;      { total angle } 
.init angle: 0; 
.var/dm/ram last_int;   { when the last encoder count occurred } 
.init last_int: 0; 
.var/dm/ram speed_cnt;  { speed control counter } 
.init speed_cnt: 0; 
.var/dm/ram angle_ref;  { speed reference } 
.init angle_ref: 0; 
.var/dm/ram omega_ref; { angular velocity reference } 
.init omega_ref: 0; 
.const speed_ticks = 100; { speed control every speed_ticks interrupts } 
.var/dm/ram xhat[2]; 
.init xhat: 0, 0; 
.var/dm/ram RevIter1; 
.init RevIter1: 0; 
.var/dm/ram RevIter2; 
.init RevIter2: 0; 
.var/dm/ram angle1; 
.init angle1: 0; 
.var/dm/ram direction; 
.init direction: 0; 
.var/dm/ram iteration; 
.init iteration: 0; 
.var/dm/ram angle_tot; 
.init angle_tot: 0; 
.var/dm/ram via_count; 
.init via_count: 0; 
.var/dm/ram via_count1; 
.init via_count1: 0; 
.var/dm/ram via_old; 
.init via_old: 0; 
.var/dm/ram via_fed; 
.init via_fed: 0; 
.var/dm/ram pid_flag; 
.init pid_flag: 0; 
.var/dm/ram sign_flag; 
.init sign_flag: 0; 
.var/dm/ram abs_err; 
.init abs_err: 0; 
.var/dm/ram p_con; 
.init p_con: 0; 
.var/dm/ram mag_err; 
.init mag_err: 0; 
.var/dm/ram/circ scale_buf[4]; { PWMB first, then PWMA } 
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.init scale_buf: 0,10,0,0; 
 
.var/dm/ram/circ co_buf[3]; { PWMB first, then PWMA } 
.init co_buf: 0x0000, 0x0000,0x0000; 
 
{ Interrupt vector table } 
         
        JUMP dsp_reset; RTI; RTI; RTI; { 00: reset } 
        JUMP irq2; RTI; RTI; RTI; { 04: IRQ2 } 
 
        RTI; RTI; RTI; RTI; { 08: SPORT0 tx } 
        JUMP rx0_int; RTI; RTI; RTI; { 0C: SPORT0 rx } 
 
        JUMP tx1_int; RTI; RTI; RTI; { 10: SPORT1 tx or IRQ1 } 
        RTI; RTI; RTI; RTI; { 14: SPORT1 rx or IRQ0 } 
         
        JUMP timer_int; RTI; RTI; RTI; { 18: timer } 
 
{ DSP intialization } 
dsp_reset:   
{ DSP register initialization } 
        AX0 = 0x1C1B;  
        DM(System_Control_Reg) = AX0; 
 
        AX0 = 0x36DB;  
        DM(DM_Wait_Reg) = AX0; { 200 ns } 
 
{ SPORT0: ADC } 
        AX0 = 0x6A09; { 10 bits/frame }  
        DM(SPORT0_Control_Reg) = AX0; 
        AX0 = 0x0000;  
        DM(SPORT0_Autobuf) = AX0; { no autobuf } 
 
        { SCLKDIV = CLKOUT/2*SCLK - 1) = 20 MHz/2*1 MHz - 1 = 9 } 
        AX0 = 9;  
        DM(SPORT0_SCLKDIV) = AX0; 
             
{ SPORT1: PWMs } 
        AX0 = 0x7FC8;  
        DM(SPORT1_Control_Reg) = AX0; 
 
        { SCLKDIV = CLKOUT/2*SCLK - 1) = 20 MHz/2*1 MHz - 1 = 9 } 
        AX0 = 9;  
        DM(SPORT1_SCLKDIV) = AX0; 
             
{ Timer period = 10 us } 
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        AX0 = 0;  
        DM(TSCALE) = AX0; { DSP clock period = 50 ns }   
        AX0 = 199;  
        DM(TPERIOD) = AX0;  
 
        { Init positional variables } 
        SR0 = DM(Encoder_In); 
         
        AY0 = 3; { mask B A track bits } 
        AR = SR0 AND AY0; 
        DM(encoder) = AR; 
        DM(encoder + 1) = AR; { init previous encoder sample } 
        SR = LSHIFT SR0 BY -6 (LO); 
 
        I0 = ^pwm_buf; 
        L0 = %pwm_buf;      
         
        M0 = 0; 
        M1 = 1; 
 
        I5 = ^sin_coeff; 
        L5 = %sin_coeff; 
 
        I6 = 0; { not dedicated } 
        L6 = 0; { used as table index for encoder_state } 
 
        I4= ^adc_buf; 
        L4= %adc_buf;         
 
        I1=^co_buf; 
        L1=%co_buf; 
  
        I7 = ^scale_buf; 
        L7 = %scale_buf; 
 
        M4 = 0; 
        M5 = 1; 
        M6 = -1; 
        M7 = 2; 
 
{ Init. PWM values } 
 
        DM(I0, M1) = 0;  
        DM(I0, M1) = 0; 
         
{ Mode register } 
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        MSTAT = 0x20; { timer enabled } 
 
{ Interrupt initialization } 
        ICNTL = 0x07; { edge-sensitive ext. ints., no nesting } 
        IFC = 0x3F; { clear pending interrupts } 
        NOP;  { one cycle for ifc write to go into effect } 
        IMASK = 0x2D; { IRQ2, rx0, tx1, timer: 0x2D } 
 
        { Align z_phase for the maximum speed } 
        call Align; 
 
        { Go to the main loop } 
        jump main; 
 
{*******************************************************************} 
{ Align the phase for maximum speed } 
Align: 
        call IterTime;  { Get the # of control cycles per revolution } 
        AX1 = dm(iteration); 
        dm(RevIter1) = AX1; 
        AY0 = dm(z_phase);      { Change the phase alignment } 
        AF = AY0 + 1; 
        AR = AF + 1; 
        dm(z_phase) = AR; 
        call IterTime;  { Again get the # of control cycles per revolution } 
        AX1 = dm(iteration); 
        dm(RevIter2) = AX1; 
        AY1 = 1; 
        dm(direction) = AY1;    { direction = 1 if we want to increase } 
        AY0 = dm(RevIter1);     { z_phase for alignment, -1 if we want } 
        AR = AX1 - AY0;         { to decrease z_phase for alignment } 
        if LT jump ReverseDir; 
        { Swap RevIter1 and RevIter2; Set the phase advance direction to -1 } 
        dm(RevIter2) = AY0; 
        dm(RevIter1) = AX1; 
        AY1 = -1; 
        dm(direction) = AY1; 
ReverseDir: 
        AY0 = dm(RevIter1); 
        AX1 = dm(RevIter2); 
        AR = AX1 - AY0; 
        if GE RTS; 
        dm(RevIter1) = AX1;     { RevIter1 = RevIter2 } 
        AR = dm(z_phase);       { Advance the phase by +/- 1 } 
        AY1 = dm(direction); 
        AR = AR + AY1; 
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        dm(z_phase) = AR; 
        call IterTime;          { Wait one iteration for the motor speed } 
        call IterTime;          { to settle } 
        AX1 = dm(iteration); 
        dm(RevIter2) = AX1; 
        jump ReverseDir; 
 
{*******************************************************************} 
{ The IterTime routine measures how long it takes for one motor revolution } 
{ The number of control cycles required for one motor revolution } 
{ is returned in "iteration". } 
IterTime: 
        AY0 = 0; 
        dm(iteration) = AY0;     { # of control cycles per revolution } 
        dm(angle_tot) = AY0;     { total encoder counts measured } 
        AR = AY0 + 1; 
        dm(speed_cnt) = AR; 
IterWait: 
        call drive; 
        AY0 = dm(speed_cnt);    { Wait for a control cycle } 
        AF = pass AY0; 
        if NE jump IterWait; 
        AY0 = dm(iteration); 
        AR = AY0 + 1;           { Increment the # of control cycles } 
        dm(iteration) = AR; 
        AY0 = dm(angle1); 
        AX0 = dm(angle_tot); 
        AR = AX0 + AY0;         { Increment the # of encoder counts } 
        dm(angle_tot) = AR; 
        AY0 = 4000;             { Assume one control cycle / 1 msec } 
        AF = AR - AY0;         { 4000 encoder counts per revolution } 
        if GE RTS;              { Return after one revolution } 
        AY0 = 2000;             { AX1 = 2000 after 2 seconds } 
        AX1 = dm(iteration); 
        AF = AX1 - AY0;         { If 2 seconds have passed without a rev } 
        if LT jump IterWait;    { then bump the z-phase and start over } 
        AR = dm(z_phase); 
        AY0 = 10; 
        AR = AR + AY0; 
        dm(z_phase) = AR; 
        jump IterTime; 
 
{*******************************************************************} 
{ Interrupted loop } 
main: 
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 call drive1; 
        JUMP main; { loop } 
 
{*******************************************************************} 
drive: 
        { ADC0 (vspd) input scaling } 
        AX0 = DM(adc_buf);         
        AY0 = 521;  { fs/2 offset of vspd 10-bit ADC input } 
        ENA AR_SAT; { no 2's complement wraparound } 
        AR =  AX0 - AY0; { signed voltage offset } 
        SR = ASHIFT AR BY 6 (LO) ; { 1.15 format fraction } 
        AR = ABS SR0;         
        { Limit max magnitude to 0x7F00 = 254 * 2^7 } 
        AY0 = 0x7F00;  { +fs magnitude = 7F00 } 
        AF = AR - AY0;  
        IF GT AR = PASS AY0; 
        AF = PASS SR0; 
        IF NEG AR = -AR; { AR = scaled command input } 
 AR = 0x7F00; 
        DM(magnitude) = AR; 
        DIS AR_SAT; 
 CALL phase_generator; 
        rts; 
 
{*******************************************************************} 
drive1: 
 AX0=DM(adc_buf); 
 AY0=DM(adc_buf+1); 
 AR=AX0-AY0;           {error} 
  
 MX0=DM(I1,M1),MY0=PM(I7,M5); 
 MR=MX0*MY0(SS),MX1=DM(I1,M1),MY0=PM(I7,M5); 
 MR=MR+MX1*MY0(SS),MY0=PM(I7,M5);              {pid controller} 
 MR=MR+AR*MY0(SS),MX0=DM(I1,M1),MY0=PM(I7,M5); 
 MR=MR+MX0*MY0(RND),DM(I1,M1)=MX1; 
 SR=ASHIFT MR1(HI),DM(I1,M1)=AR; 
 DM(I1,M1)=SR1; 
 
 AX0=SR1; 
 AY0 = 521;  { fs/2 offset of vspd 10-bit ADC input } 
        ENA AR_SAT; { no 2's complement wraparound } 
        AR =  AX0 - AY0; { signed voltage offset } 
        SR = ASHIFT AR BY 6 (LO) ; { 1.15 format fraction } 
        AR = ABS SR0;         
        { Limit max magnitude to 0x7F00 = 254 * 2^7 } 
        AY0 = 0x7F00;  { +fs magnitude = 7F00 } 
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        AF = AR - AY0;  
        IF GT AR = PASS AY0; 
        AF = PASS SR0; 
        IF NEG AR = -AR; { AR = scaled command input } 
        DM(magnitude) = AR; 
        DIS AR_SAT; 
  
phase_gen:  
       CALL phase_generator; 
        rts; 
 
  
{*******************************************************************} 
 
phase_generator:  
 { Get the total phase by adding phase + z-phase } 
        AX0 = DM(phase); 
        AY0 = DM(Z_phase); 
        AR = AX0 + AY0; 
 { Put the total phase between +/- 40 } 
 AX1 = AR; 
 call CheckPhaseWrap; 
 
 { scale the phase for the sine function } 
        MY1 = phase_scale; { phase_scale = 32768/40 = 819.2 => 819 } 
        ENA M_MODE; { integer mpy } 
        MR = AR * MY1 (SS);  
 
        { vector generator - sin/cos synthesis } 
        AY1 = MR0; { save arg for cos } 
        AR = MR0; 
        DIS M_MODE; { fractional mpy } 
        CALL sine; { sin => A } 
         
        MX0 = AR; 
        AX0 = 0x4000; { 90 deg } 
        AR = AX0 - AY1;  { cos(theta) = sin(pi/2 - theta) } 
        CALL sine; { cos => B } 
 
        { AR => PWMB; MX0 => PWMA } 
        { PWM format: 1 sign bit (hi = +), 8 bits magnitude } 
        AY0 = 0x100; { bit 9 positive sign bit } 
        MY0 = DM(magnitude); { PWMB }   
        MR = AR * MY0 (SU); 
        SR = ASHIFT MR1 BY -7 (LO); { PWM = 9 MSBs } 
        AR = ABS SR0; { magnitude } 
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        IF POS AR = AR OR AY0; { + sign for positive PWM value } 
        DM(pwm_buf) = AR;  { update PWMB value } 
         
        MR = MX0 * MY0 (SU); { PWMA } 
        SR = ASHIFT MR1 BY -7 (LO); 
        AR = ABS SR0; { magnitude } 
        IF POS AR = AR OR AY0; { + sign for positive PWM value } 
        DM(pwm_buf + 1) = AR; { update PWMA value } 
         
        RTS; 
         
{*******************************************************************} 
sine:   { 1.15 format: AR = arg (-180 deg = 0x8000  
                to +180 deg = 0x7FFF), AR = sin;  
                uses: AY0, AF, AR, MX1, MY1, MF, MR, SR, I5, M5 
          25 cycles  
        } 
        AY0 = 0x4000; 
        AX0 = AR; 
        AF = AX0 AND AY0; { Check 2nd or 4th quad. } 
        IF NE AR = -AX0; 
        AY0 = 0x7FFF; 
        AR = AR AND AY0; { remove sign bit } 
        MY1 = AR; 
        MF = AR * MY1 (RND), MX1 = DM(I5, M5); { MF = x^2 } 
        MR = MX1 * MY1 (SS), MX1 = DM(I5, M5); { MR = c1*x } 
        CNTR = 3; 
        DO sine1 UNTIL CE;  
           MR = MR + MX1 * MF (SS); 
sine1:     MF = AR * MF (RND), MX1 = DM(I5, M5); 
        MR = MR + MX1 * MF (SS); 
        SR = ASHIFT MR1 BY 3 (HI); 
        SR = SR OR LSHIFT MR0 BY 3 (LO); { convert to 1.15 format } 
        AR = PASS SR1; 
        IF LT AR = PASS AY0; { saturate if needed } 
        AF = PASS AX0; 
        IF LT AR = -AR; { negate output if needed } 
        RTS; 
 
{*******************************************************************} 
{ irq2: external PWM counter overflow => irq2 
        ADC & PWM driver: 25.6 us - every tick } 
irq2:    
        DM(ax0_reg) = AX0; { save registers used in irq2 } 
        DM(ay0_reg) = AY0; 
 DM(ay1_reg)= AY1; 
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        DM(ar_reg) = AR; 
 DM(sr0_reg)=SR0; 
 DM(sr1_reg)=SR1; 
 
        { PWM Driver } 
        AX0 = DM(pwm_buf); 
        TX1 = AX0; { start tx of PWMB } 
        AX0 = 0xFFFF; 
        DM(tx1_flag) = AX0; 
         
        AY0= DM(ADC_Control_Reg); 
 AY1= ^adc_buf; 
 AX0= I4; 
 AR= AX0-AY1; 
 SR=LSHIFT AR BY 2(LO); 
 AR= SR0 OR AY0; 
 TX0 =AR; 
                    
        AX0 = DM(ax0_reg); { restore used registers in irq2 } 
        AY0 = DM(ay0_reg); 
        AR = DM(ar_reg); 
 AY1=DM(ay1_reg); 
 SR0=DM(sr0_reg); 
 SR1=DM(sr1_reg); 
        RTI; 
{*******************************************************************} 
{ Timer Interrupt Routine: Encoder driver; switch debounce: 10 ms } 
timer_int:  
        ENA SEC_REG;        
 { Check if we should use open loop or closed loop control } 
        AR = dm(open_loop); 
 AR = pass AR; 
 if EQ call ClosedLoopControl; 
 AR = dm(open_loop); 
 AR = pass AR; 
 if NE call OpenLoopControl; 
 { Make sure phase is in the +/- 40 range } 
 AX1 = dm(phase); 
 call CheckPhaseWrap; 
 dm(phase) = AR; 
 { Check if the user wants to adjust the z-phase } 
        call AdjustZPhase; 
 { Call the speed control routine } 
 call speed_control; 
 
        RTI; 
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{*******************************************************************} 
AdjustZPhase: 
 { manual phase advance tick counter } 
        AY0 = DM(timer_tick);  
        AR = AY0 + 1; 
        AX0 = ticks; 
        AF = AX0 - AY0;  
        IF LE AR = PASS 0; 
        DM(timer_tick) = AR; 
        IF NE rts; { check for z phase adjustment if timer_tick = ticks } 
        { Adjust Z_phase } 
        AY1 = DM(Z_phase); 
        AF = PASS AY1; 
        AX0 = DM(Encoder_In); 
        AY0 = 0x0040;  { CNFG1 bit - active low } 
        AR = AX0 AND AY0; 
        IF EQ AF = AF + 1; 
        AR = PASS AF; 
        DM(Z_phase) = AR; 
 rts; 
 
{*******************************************************************} 
ClosedLoopControl: 
        { encoder driver } 
        SR0 = DM(encoder); 
        DM(encoder + 1) = SR0; { advance previous encoder sample } 
        SR = LSHIFT SR0 BY 2 (LO); { shift previous sample by 2 } 
        MR0 = DM(Encoder_In); 
 
{        SR = LSHIFT MR0 BY -4 (HI); 
        SR1 = MR0; 
} 
 
        AY1 = 3; 
        AR = MR0 AND AY1; { A B tracks only } 
        DM(encoder) = AR; { store present sample } 
        AY0 = SR0; 
        AR = AR OR AY0; { table index: previous B A, present B A } 
        AY0 = 8; 
        AF = AR - AY0; 
        IF GE AR = NOT AR; { if GE 8, invert bits } 
        AY0 = 7; 
        AR = AR AND AY0; { 3-bit index } 
        AY0 = ^encoder_state;  
        AR = AR + AY0; { add table base address } 



    

  104  

        I6 = AR; 
        AR = DM(I6, M4); { look-up table count value } 
         
        AY0 = 2; { if direction indeterminate; make same as before } 
        AF = AR - AY0;  
        AY0 = DM(encoder_cnt); { get previous count } 
        IF NE JUMP ClosedLoopControl1; { present count NE 2 } 
        AF = PASS AY0; 
        IF LT AR = -AR; { if prev count < 0, AR <= -2 } 
ClosedLoopControl1:         
        DM(encoder_cnt) = AR; { store encoder count }         
        AY0 = AR; { present encoder count } 
        AX1 = DM(phase); 
        AR = AX1 + AY0; 
 DM(phase) = AR; 
 rts; 
 
{*******************************************************************} 
CheckPhaseWrap: 
        { input = AX1. Put the input in the +/- half_counts_revel range. 
 { output = AR } 
        AR = AX1; 
        AX0 = half_counts_revel; { half-cycle of counts/rev el } 
        AY1 = counts_revel; 
CheckPhaseWrap0: 
        AF = ABS AR; 
        AF = AX0 - AF; 
        IF GE rts;   { no wraparound } 
        AR = PASS AR; 
        IF LT JUMP CheckPhaseWrap1; 
        AR = AR - AY1;   { + to - phase wraparound } 
        jump CheckPhaseWrap0; 
CheckPhaseWrap1:                 
        AR = AR + AY1;   { - to + phase wraparound } 
 jump CheckPhaseWrap0; 
 
{*******************************************************************} 
OpenLoopControl: 
        MR0 = 0; 
        AY0 = DM(advance_tick);  
        AR = AY0 + 1; 
        AX0 = timebase; 
        AF = AX0 - AY0;  
        IF LE AR = PASS 0; 
        DM(advance_tick) = AR; 
        IF NE JUMP OpenLoop1; { no jump if 0 }         
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        MR0 = 1; 
        { Open-loop advance of phase by incrementing at timebase rate } 
OpenLoop1: 
        AY0 = MR0; { = 1 on timebase timeout } 
        { iterate phase: AY0 = phase increment } 
        AX1 = DM(phase); 
        AR = AX1 + AY0; 
        DM(phase) = AR; { advance the phase } 
 rts; 
 
{*******************************************************************} 
speed_control: 
{ Speed control } 
        AR = DM(encoder_cnt);  { get the encoder count } 
        AY0 = DM(angle); 
        AR = AR + AY0; 
        DM(angle) = AR;         { total angle } 
 
        AY0 = DM(speed_cnt);    { filtering and } 
        AF = AY0 + 1;           { speed control every speed_ticks ints } 
        AR = PASS AF; 
        AX0 = speed_ticks; 
        AF = AX0 - AF; 
        if EQ AR = PASS 0; 
        DM(speed_cnt) = AR; 
        if NE RTS; 
 
        MR0 = DM(angle);         { Save the total angle in MR0 and angle1 } 
        AR = ABS MR0; 
        DM(angle1) = AR; 
        MR0 = AR; 
        AX0 = 0;                { reset the total angle to 0 } 
        DM(angle) = AX0;             
 
        RTS; 
 
 
{*******************************************************************} 
{ Turn off autobuffering at pwm_buf rollover } 
tx1_int: 
        DM(ax0_reg) = AX0; { Save regs } 
        DM(ar_reg) = AR; 
 
        AX0 = DM(tx1_flag); 
        AR = PASS AX0; 
        IF EQ JUMP tx1_int1; 
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        AX0 = DM(pwm_buf + 1); { PWMA } 
        TX1 = AX0; 
        AX0 = 0; 
        DM(tx1_flag) = AX0; 
tx1_int1: 
        AX0 = DM(ax0_reg); { retsore regs } 
        AR = DM(ar_reg); 
        RTI; 
 
{*******************************************************************} 
rx0_int: 
       { Acquire ADC data into adc_buf } 
        DM(ax0_reg) = AX0; { save reg } 
        AX0 = RX0; { prev ADC sample in } 
        MODIFY (I4,M6); 
 DM(I4,M7)=AX0; 
        AX0 = DM(ax0_reg); 
        RTI;  
        
.endmod; 
 
 
{******************************    end     ********************************} 
 

 


