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AN205207

FR Family MB91265 Series 16-Bit MAC Unit

This application note will explain the configuration and usage of the 16-bit MAC unit, and give some short application
examples as well as some programming helps.
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1 Introduction

The Cypress MB91265 Series is a Flash microcontroller especially for motor control and other control applications. It
features a Multi-Function Timer incl. Waveform generator to generate the output voltages needed for three-phase
motors, and other dedicated peripherals like the 16-bit MAC (Multiply-and-ACumulate) unit for fast processing.

The MAC unit has an own instruction and data RAM and works completely independently of the CPU as soon as the
calculation is started. It can execute 16 bits * 16 bits + 40 bits calculation in one machine cycle (31.25ns), and shift
values arbitrarily in Y-RAM. Additional jump (even as conditional branch) and store commands, which can also issue
an interrupt request upon completion, make the MB91265 Series MAC unit ideal for digital filtering of any kind, like
FIR (Finite Impulse Response) or IIR (Infinite Impulse Response or recursive) filters. Once the filter is set up in the
MAC unit, the CPU only has to update new values, start the MAC unit and can work on other tasks while waiting for
the result. Therefore, it is easily possible e.g. to process a signal sampled by the A/D converter with a 64-tap filter at
high sampling rates and low CPU usage. Some examples will be shown later in this document.

This application note will explain the configuration and usage of the 16-bit MAC unit, and give some short application
examples as well as some programming helps.

2 Features

This section describes the features, the register set and the block diagram of the 16-hit MAC.

2.1 Features
m  High-speed multiply-accumulate (in one system clock cycle)
®  Own program flow, independent of CPU
m  Data format: 16-bit fixed-point (16 * 16 + 40 bits), Q8-Q15 format selectable for output
®  [nstruction RAM (IRAM): 256 * 16 bits
m  Data RAM: 64 * 16 bits * 2 pairs (X-RAM: Coefficients, Y-RAM: Variables)
®  Rounding and saturation of output value available

®m  [nstruction set: MAC instruction, STR instruction, JMP instruction (also conditional)
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m  Delay handling: Variables can be shifted arbitrarily in Y-RAM

= Variable monitor: Up to eight Y-RAM values can be monitored during operation without stopping the uDSP
program

2.2 Block diagram
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2.3.3

2.3.4

2.3.5

MAC unit registers description

DSP Control/Status Register (DSP-CSR)

This 8-bit register controls the operation state of the MAC unit and also holds the status flags (IRQ, SatDSP and
RunDSP).

Bit 7: SatDSP: This flag is set when saturation occurs while clipping is enabled in the STR command (CLP=1). This
bit is automatically cleared at the beginning of operation.

Bits 6...4: USR2-0: These bits can be used to control the program flow of the MAC unit. When the JMP command is
used with COND=1, the condition coded in the JMP command is compared with these bits, and the jump is only
performed on a match. Since the DSP-CSR register can be written and read also during MAC operation, this can be
used together with the variable monitor function to react on intermediate results, e.g. for loop programming.

Bit 3: IrgDSP: This is the interrupt request flag for the MAC unit. If the MAC IRQ is enabled (leDSP=1), this bit signals
an IRQ to the CPU if the SIRQ bit in a STR or JMP instruction is set.

Bit 2: leDSP: Interrupt request enable bit for the MAC unit

Bit 1. HItDSP: This write-only bit can be used to stop an ongoing calculation, e.g. for access to the MAC units
memory. The RunDSP bit is thereby cleared, and the PC points at the next instruction, so operation can be resumed
by setting the GoDSP bhit.

Bit 0: GoDSP (write) / RunDSP (Read): Setting this bit starts the MAC unit program execution, if the MAC unit is not
already running. Reading the RunDSP bit returns ‘1’ as long as the calculations are ongoing, and ‘0’ when the
operation is halted (by HLT=1 in a STR or JMP command or by writing 1 to the HItDSP bit).

DSP Program Counter (DSP-PC)

The program counter is 8-bit long. It points to the memory address (in I-RAM) holding the next instruction to be
executed by the MAC unit. As in other controllers, the program counter is automatically incremented after a command
was executed, and can be overwritten by a JMP command. Note that the PC counts 16-bit words, so that it is
incremented by 1 after every execution, so also odd numbers occur.

The program counter initially has to point to the first instruction before the MAC unit is started by setting the GoDSP
bit.
DSP Delay Register (DSP-LY)

If the LDLY bit in a MAC instruction is set, first the content of the DSP-LY register is transferred to the LY-DLY
register. Then, the Y-RAM data of the actual MAC instruction is copied to the DSP-LY register. If the STLY bit of the
MAC instruction is set, the content of the LY-DLY register is written to the Y-RAM address of the actual instruction
after its execution. Note that this write operation takes another clock cycle. All together, this mechanism allows very
effective programming of digital filters, since the input data can be automatically shifted through the filters memory by
the MAC unit. In this case, every filter stage only needs two clock cycles for processing.

Also refer to the MAC command description later in this document for details.
The DSP-LY register can only be accessed by the CPU if the MAC unit is halted.

DSP Variable Monitor Register (DSP-OTO to DSP-OT7)

The content of the first eight Y-RAM words are permanently mirrored to the DSP-OTO to DSP-OT7 registers. Since
the MAC units memory is not accessible for the CPU during MAC operation, these registers can be used to monitor
Y-RAM data by the CPU, e.g. for intermediate results or conditional branches. These registers are read-only and their
read value is indeterminate after a reset.

X-RAM
The X-RAM (64*16 bits) stores the first factor (i.e. the coefficients) for the MAC operations.

This RAM area cannot be accessed by the CPU while the MAC unit is operating (RunDSP = 1). Initialize used X-RAM
areas before starting the MAC operations.
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2.3.6 Y-RAM
The Y-RAM (64*16 bits) stores the second factor (i.e. the variables) for the MAC operations.

This RAM area cannot be accessed by the CPU while the MAC unit is operating (RunDSP = 1). Initialize used Y-RAM
areas before starting the MAC operations.

2.3.7 I-RAM

The I-RAM (256*16 bits) is the instruction (program) RAM of the MAC unit. The instructions stored in this area are
sequentially executed while the DSP-PC is incremented, and also a JMP command exists. This RAM area cannot be
accessed by the CPU while the MAC unit is operating (RunDSP = 1). Transfer the MAC program to I-RAM before
starting the MAC operations.

24 Instructions of the MAC unit
The MAC unit implements three main types of commands:

MAC: Multiply-and-Accumulate;
STR: Store
JMP: Jump

Each of these commands has several option bits, which are described in the following. The instructions are stored in
the I-RAM of the MAC unit, from where they are executed independently of the CPU. Usage examples are given later
in this document.

2.4.1 MAC Instruction

The MAC instruction is the core functionality of the MAC unit. Depending on the setting of the CLAC bit, either a MAC
(Multiply-and-Accumulate) or a MUL (Multiply) instruction is executed.

Operation code:

bit 15 14 13 120 T B 5 0

1 CLAC | STLY | LDLY X-Addr Y-Addr

[bit14] CLAC (Clear ACC)

Setting this bit causes the instruction to act as a multiplication instruction.
"0": ACC = ACC + data@X-Addr x data@Y-Addr (multiply-and-accumulate instruction)
"1": ACC = 0 + data@X-Addr x data@Y-Addr (multiplication instruction)

[bit13] STLY (STore LY)

When this bit is set, the value in the LY-DLY register is written to the Y-RAM address defined by Y-Addr after the
instruction was executed. The execution time increases by one cycle if this bit is set.

[bit12] LDLY (LOad LY)

When this bit is set, first, the actual content of the DSP-LY register is moved to the LY-DLY register. Then, the
content of the Y-RAM defined by Y-Addr is loaded to the DSP-LY register. These transfers have no influence on
execution time of the MAC command.

[bit11 to bit6] X-Addr (X-RAM Address)

These bits specify the X-RAM address for the actual MAC command.
[bit5 to bit0] Y-Addr (Y-RAM Address)

These bits specify the Y-RAM address for the actual MAC command.

Note: X-RAM, Y-RAM and I-RAM addresses are word addresses relative to the beginning of the corresponding
memory area; e.g. X-RAM address 0 = 0x00C000, X-RAM address 1 = 0x00C002, Y-RAM address 4 = 0x00C088 etc.

WWW.Cypress.com Document No. 002-05207 Rev. *C 4


http://www.cypress.com/

o CYPRESS

g~ EMBEDDED IN TOMORROW™ FR Family MB91265 Series 16-Bit MAC Unit

2.4.2 STR Instruction (Transfer Instruction)

The Store command converts the 40-bit accumulator value to a 16-bit value in accordance with the RND, CLP, and
SLQ flags, and stores the result in the data RAM specified by the SLY flag and X/Y-Addr.

Operation code:

bit 15 14 13 12 11 10 9. 7 6 5o 0

0 1 HLT | SIRQ | RND | CLP SLQ SLY XNY-Addr

[bitl3] HLT (HLT instruction flag)
Setting this bit causes the MAC unit to halt program execution after the store instruction was executed. This also
clears the RunDSP flag in the DSP-CSR register and enables access of the CPU to the MAC unit RAM areas.
[bit12] SIRQ (INT instruction flag)
If this bit is set, the IrgDSP flag in the DSP-CSR register is set after the store command was executed, and an
interrupt request is issued to the CPU.
[bit11] RND (Rounding)
This bit specifies whether to perform rounding for 16-bit data specified by the SLQ bits. Rounding rounds the 16-
bit data based on the bit immediately below the LSB (add 1 if lower bit is 1, no action if 0).
[bit10] CLP (Clipping)
If this bit is set, the result value is either Ox7FFF (positive) or 0x8000 (negative) if the result is not correctly
represented by the current output format selection due to an overflow of the 16-bit value. This is done by

comparing the MSB (bit39) of the accumulator with the MSB of the selected output word selected by the SLQ bits.
If rounding is enabled, the result after rounding is used.

[bit9 to bit7] SLQ
These bits specify the output format of the 40-to-16 bit truncation, and thereby the position of the decimal point.
Q8 to Q15 formats can be selected. For many filtering applications, the output format will be defined by the sum
of filter coefficients. For example, for an 8-tap moving average filter, X-RAM 0...7 could be set to 32. To achieve

unity DC gain, Q8 output format has to be chosen in this case (8*32 = 256 -> result = ACC / 256 -> use ACC bits
2310 8.

[bité] SLY
This bit specifies the transfer destination RAM area:
0: X-RAM
1: Y-RAM
[bit5 to bit0] X/Y Addr (RAM Address)
These bits specify the address in X- or Y-RAM (0...63) to store the 16-bit calculation result. From there, the CPU
can read the result after operation is halted. If one of the first eight Y-RAM addresses are used for the result, the

CPU can also read the value using the variable monitor registers, and the calculation can continue directly after
the store instruction ( if HLT=0).
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2.4.3 JMP Instruction (Branch Instruction)

The JMP instruction loads the address specified by the J-Addr8 bits to the MAC unit program counter (DSP-PC). If
the COND bit is set, the branch is only performed if UBP2...0 bits match the USR2...0 bits in the DSP-CSR register.

Operation code:

bit 15 14 13 12 11 10........ 8 T 0
0 0 HLT | SIRQ |COND | YBP2to J-Addr8
UB_PO .

[bit13] HLT (HLT instruction flag)

Setting this bit causes the MAC unit to halt program execution after the branch instruction was executed. This
also clears the RunDSP flag in the DSP-CSR register and enables access of the CPU to the MAC unit RAM
areas.

[bit12] SIRQ (INT instruction flag)

If this bit is set, the IrqDSP flag in the DSP-CSR register is set after the branch command was executed, and an
interrupt request is issued to the CPU.

[bit11] COND (CONDition)
0: Always branch (Jump)

1: Branch to J-Addr8 if [UBP2...0] = [DSP_CSR_USR2...0]
[bit10 to bit8] UBP2 to UBPO (condition specification)
These bits set the condition to use for the conditional branch. The condition is established if these bits match the

value of the USR2, USR1, and USRO bits in the DSP-CSR register. These bits must be set to "000" if an
unconditional branch is specified. (when COND=0)

[bit7 to bit0] J-Addr8 (Jump Address)

These bits specify the branch target address in I-RAM. This value is written to the DSP-PC when the JMP is
executed.

3 Operation of the MAC unit

This section explains the operation of the MAC unit.

The operation of the MAC unit is mainly controlled by the DSP-CSR register. It starts program execution when ‘1’ is
written to the GoDSP bit, and stops when a HLT command is executed or ‘1" is written to the HItDSP bit. Note that
some of the registers and memory areas of the MAC unit are only accessible for the CPU when the MAC unit is
stopped (RunDSP = 0).

HItDSP ="1" or HLT instruction
Stopped < Running

RunDSP =0 SoDSP = 1 » | RunDSP =1

m  Stopped: The multiply-and-accumulate macro is stopped. The CPU can access instruction RAM (IRAM), data
RAM (X-RAM, Y-RAM), and all registers of the MAC unit.
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4.1

®  Running: The multiply-and-accumulate unit is operating. When ‘1’ is written to the GoDSP bit while the MAC unit
is stopped, it enters this state and starts program execution from the current DSP-PC (program counter) address.
While in this state, not all registers and memory areas of the MAC unit can be accessed. Trying to read from a
non-accessible area will return indeterminate results, while writing to it has no effect. Writing ‘1’ to the HItDSP bit
or a Store or Jump command with set HLT bit cause the MAC unit to halt and return to the ‘stopped’ state.

The general initialization of the MAC unit consists of the following steps:

Stop the MAC unit (write ‘1’ to the HItDSP bit)

Transfer coefficients and data to X- and Y-RAM according to application
Transfer MAC unit instructions to I-RAM

Set the DSP-PC to the first instruction to be executed

Start the MAC unit (write ‘1" to the GoDSP bit)

Steps 4 and 5 can be combined to a single 16-bit access.

ok wDnp e

The MAC unit starts calculation and continues program execution until one of the following conditions occurs:

m ‘1’ s written to the HItDSP bit
m A JMP command with HLT = 1 is executed
® A STR command with HLT = 1 is executed

m  Aresetoccurs

Note that the 40-bit accumulator of the MAC unit is not initialized automatically. Therefore, the first MAC command of
the program should clear the accumulator (CLAC=1), except when this behavior is explicitly desired.

Since the MAC unit operates independently of the rest of the MCU, the CPU can process other tasks during
calculation. Before accessing the MAC result, either bit0O (RunDSP) of the DSP-CSR register can be polled to check
for MAC program end, or the MAC interrupt can be used. Both methods have their advantages; the polling loop will
have less latency between the MAC calculation end and the usage of the result, while the ISR might be better suited
if other tasks have to be scheduled. It also is often possible to give the CPU another task which has at least the same
execution time as the MAC program (e.g. UART communication), and when the CPU completes this task, the MAC
unit also has already completed calculation and the result can be used immediately.

Usage of the MAC unit

This chapter explains how to setup and use the MAC unit with some examples

FIR filter introduction

Multiplication-and-accumulate operations are typical for digital filters. Therefore, the functionality of the MAC unit
enables high-speed filtering and other processing typical for DSP applications. Since the MAC unit operates
completely independently of the CPU, it can process data separately and thereby reduce CPU load.

The typical structure of a digital FIR filter is shown below:
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Figure 1. FIR filter
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For every sampling point in time, the filter's output value is the sum of the n last input values; each one weighted with
a coefficient X0...X7.

For example, in case of a moving average filter with equally weighted coefficients, the values X0...X7 are identical.
The moving average filter is often used as simple low-pass filter, e.g. to reduce noise in analog measurements.
Another common low-pass filter is the binomial filter, whose coefficients can be calculated with Pascal’s triangle (e.g.
1,7, 21, 35, 35, 21, 7, 1). The gain at 0 Hz (DC gain) is given by the sum of all coefficients, and since this is mostly
set to unity for low-pass filters, the scaling stage divides the output by this value. For digital systems, usually a power
of two is selected, so that the division can be performed by a simple bit shift. Every ‘T’ block in the above filter holds
the delayed input signal from the last clock cycle, so the input values are ‘daisy-chained’ through the filter. The pulse
response of a FIR filter of length N is max. N+1 samples long. The resulting output of the filter to an M-sample input
signal therefore is M+N+1 samples long.

The MAC unit of the MB91265 Series can perform the hand-over of the input value from one filter stage to the next
without CPU interaction. This is done by the DSP-LY and LY-DLY registers, when the LDLY and STLY bits in the
MAC commands are set accordingly. Therefore, the complete processing of every input value, consisting of (n+1)
multiplications, n additions, n register transfers and one division (or bit shift) is handled solely by the MAC unit. The
CPU transfers the new input value to the MAC unit and starts it. 2n cycles later the result is ready-to-use; meanwhile
other tasks can be performed.

The MAC unit also automatically performs the output scaling without additional cycles, simply by setting the
appropriate format in the STR command. In the example filter above, X0...X7 would be set to 32, and Q8 format
would be used to right-shift the result by 8 bits (divide by 8*32=256).
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4.2

Initialization

The following example code segment initializes X-, Y- and I-RAM and performs a calculation using the MAC unit
(average of four values):

#define XRAM START ((short int *)0x00C000)
#define YRAM START ((short int *)0x00C080)
#define IRAM START ((short int *)0x00C100)

short int xram datal[]={64, 64, 64, 64}; // coefficient data
short int yram datal]={100, 200, 300, 400}; // variable data
short int iram datal]={
0xC000, // Clear Accu, MUL XRAM addr. 0 with YRAM addr. O
0x8041, // Add (XRAM addr. 1 x YRAM addr. 1) to Accu
0x8082, // Add (XRAM addr. 2 x YRAM addr. 2) to Accu
0x80C3, // Add (XRAM addr. 3 x YRAM addr. 3) to Accu
0x6E40 // Convert to Q8 format with clip and round, store to
}i // Y-Addr. 0, set HLT bit to stop the uDSP
DSP_PC = 0; // reset DSP Programm Counter
ptr = XRAM START; // set pointer to beginning of X-RAM
for (i=0;1i<4;i++) {
*(ptr++) = xram datali]; // £i1il1l X-RAM with coefficients
}
ptr = YRAM START; // set pointer to beginning of Y-RAM
for (i=0;i<4;1i++) {
*(ptr++) = yram datal[i]; // £ill Y-RAM with wvariables
}
ptr = IRAM START; // set pointer to beginning of I-RAM
for (i=0;i<5;i++) {
*(ptr++) = iram datali]; // fill I-RAM with instructions
}
DSP_CSR = 0x01; // start uDSP
while (DSP_CSR RunDSP)  wait nop(); // wait for result
result = *YRAM START; // read result

In such a short calculation, of course the overhead for data transfer and initialization is quite big. But as typical
applications, especially filters with constant coefficients, are initialized once and then are started over and over again,
the overhead becomes less important.

The MAC unit program in the example above is written directly in the byte code as explained in the hardware manual.
As this is not very intuitive, a small header file was implemented, allowing easier programming using predefined
macros. The corresponding code now looks something like this:

short int iram datal]={
DSP_MUL (NO_OPT,0,0),
DSP_MAC (NO_OPT, 1,1),
DSP_MAC (NO_OPT, 2,2),
DSP_MAC (NO_OPT, 3, 3),
DSP_STR (HLT|CLP|RND, 08, YRAM, 0)

bi

This now looks more like a program and is much easier to handle. The mentioned header file is included in the

software example accompanying this document. Please refer to the comments in the source code for further

explanations.
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The contents of X-RAM, Y-RAM and IRAM after initialization are as follows:
Table 1. Content of X-RAM and Y-RAM after initialization

X-RAM Y-RAM
Memory address content Memory address content
0xC000 64 0xC080 100
0xC002 64 0xC082 200
0xC004 64 0xC084 300
0xC006 64 0xC086 400

Table 2. Content of I-RAM after initialization

I-RAM Meaning of instruction
Memory address  content

0xC100 0xC000 Accu =0 + value @ 0xC000 * value @ 0xC080

0xC102 0x8041 Accu = Accu + value @ 0xC002 * value @ 0xC082

0xC104 0x8082 Accu = Accu + value @ 0xC004 * value @ 0xC084

0xC106 0x80C3 Accu = Accu + value @ 0xC006 * value @ 0xC086

OxC108 OX6E40 Accu is cqnverted to 16-bit value and stored @ 0xC080; HLT-bit is set and MAC-

operation is stopped

4.3 Calculation performance of the MAC unit

To compare the calculation time with and without the MAC unit, two short example programs were implemented.
They also demonstrate the usage of the mentioned header file for easier MAC programming. The first example
calculates the average of eight values, and the second calculates either the step- or the pulse response of an 8"
order binomial filter by feeding it either with a step or a pulse sequence at the input. In both cases, the calculations
are performed twice, using the MAC unit and ‘pure’ C code without optimizations.
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Figure 2. Example 1 calculation times with and without MAC
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The first example already shows the runtime benefit when using the MAC unit quite clearly: The calculation of the
average of eight values takes 5400 ns when it is calculated by the CPU itself. When using the MAC unit, a value of
880 ns is measured. This time includes not only the calculation time itself, but also the set and clear of the status pin.
Also, the measurement is strongly dependent of the frequency the software polls the RunDSP flag. In a ‘real
application, also other tasks can be served while the MAC is operating, or an adequate count of NOP commands can
be inserted. Using 10 NOP instructions instead of the polling loop already reduces the measured time by more than
40%:

Figure 3. Example 1 with optimized MAC timing
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Now, only 480 ns are measured. This time still contains the set and clear of the status pin.

Since these values add a constant time to the MAC calculation time, the overall measured performance increases
with the filter length, because the amount of the overhead becomes smaller. For example, the total runtime for a 64-
tap moving average filter is about 4.6 ps.

In the second example, a 10-sample input sequence is sent through an 8" degree binomial filter. This corresponds to
a convolution, so for every output value, one entire filter pass must be calculated. The filter output sequence (step
response sequence) looks like this:

MAC results:

1 9 37 93 163 219 247 255 256 256 255 247 219 163 93 37 9 1 0 O
C-code results:

1 9 37 93 163 219 247 255 256 256 255 247 219 163 93 37 9 1 0 0
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Figure 4. Example 2 calculation times with and without MAC
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The 10-sample input sequence is zero-padded to a length of 20 samples. Then, this sequence is put through the filter,
so 20 filter passes are calculated. The software filter takes about 212 ps for the processing of the entire filter
response. Using the MAC unit, this time is shortened to 30 us for the processing of all samples together. Again, this
time also includes the memory transfers and the overhead of the outer loop, which passes the input samples into the
filter. The variable shifting in the filter memory (the delay in every filter step) is done by the MAC unit. Therefore, the
LDLY bit of the first MUL command is set, as well as the LDLY and STLY bits of all subsequent MAC commands.

In many applications, the input data will not be a fixed array, but a stream e.g. from the AD-converter. Then, the ADC
ISR could be used to place the new sample into the filter and start a filter pass.

The following two scope figures show a 1 kHz rectangular signal, which is sampled by the ADC with 50 kHz, then
passed through a 15-tap moving average filter (first figure) or a 15" degree binomial filter (second figure). The filtered
values are output by the PPG and filtered by a simple RC filter (and an additional averaging in the scope). The
processing time for each sample is about 1.2 ps.

Figure 5. Point moving average filter (ch1: input, ch2: output)
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4.4

Figure 6. 15-degree binomial filter (chl: input, ch2: output)
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Using the MAC unit for PID control loops

PID control loops are widely used in many applications. Especially in motor control, often fast response times are
needed which demand fast processing and high sampling frequency. The MAC unit of the MB91265 series is well
suited also for this task.

Without deepening in control theory, this chapter will only demonstrate how to implement a simple PID control
algorithm on the MAC unit. Lots of information about control theory can be found in literature and on the web.

One standard equation for a (discrete) PID control loop is:
Control output = Kp * error + Ki * error sum + Kd * (error - old error)

Kp is the proportional gain, Ki is the gain of the integral term, and Kd is the gain of the derivative term of the control
loop.

After some transformations, the control loop can be described by another equation:

Control output = old output + CO * error(n) + Cl * error(n-1) + C2 * error(n-2)
With: CO = Kp + Ki + Kd, Cl = -Kp -2Kd, C2 = Kd

This form can easily be implemented using the MAC unit:
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short int * ptr speed error;

void init mac(void) {
short int * ptr;

ptr speed error = (short int *) 0xC082; // yram addr. 1 used as error variable
DSP_CSR = STOP_DSP; // stop DSP, set HLT bit
DSP_PC = 0; // reset DSP Programm Counter
ptr = XRAM START;
*(ptr++) = 32767; // constant scaling for old reg output memory
* (ptr++) = CO; // PID coefficients: CO=Kp+Ki*Ta+Kd/Ta
* (ptr++) = Cl; // Cl=-Kp-2Kd/Ta
* (ptr++) = C2; // C2=Kd/Ta
ptr = YRAM START; // initalize YRAM
* (ptr++) = 0; // used for last control output memory
* (ptr++) = 0; // current error
* (ptr++) = 0; // error 1 step ago
* (ptr++) = 0; // error 2 steps ago
ptr = IRAM START; // initialize uDSP programm memory
*(ptr++) = DSP_MUL(NO OPT,0,0); // scale last control output value
* (ptr++) = DSP_MAC(LDLY,1,1); // + CO * error(n); load error(n) to LY
*(ptr++) = DSP_MAC (LDLY|STLY,2,2); // + Cl * error(n-1); load error(n-1) to LY;
// overwrite error (n-1) with error (n);
* (ptr++) = DSP_MAC(STLY, 3,3); // 4+ C2 * error(n-2); overwrite error (n-2)
// with error (n-1);
*(ptr++) = DSP_STR(CLP|RND,0Q15,YRAM,0); // store downscaled output value to YRAM addr. 0;
// it 1s re-used in every control loop cycle
*(ptr++) = DSP_JMP (HLT,0,0); // jump back to first instruction (set DSP_PC to 0) and halt

The control loop itself now looks like this:

unsigned short int reg speed(unsigned short int des rpm, unsigned short int act rpm) {

// while (DSP_CSR_RunDSP) _ wait nop(); // ensure that no MAC calculation is ongoing

// (will normally not be necessary here)

*ptr speed error=(des rpm-act rpm); // calculate actual speed error

DSP_CSR = START DSP; // start uDSP

__wait nop(); _ wait nop(); _ wait nop(); _ wait nop(); // wait for uDSP completion

~wait nop(); _ wait nop(); _ wait nop(); _ wait nop(); // also other operations could be

// done here
if (*YRAM START < 0) *YRAM START = 0; // keep output in PWM duty range

else if (*YRAM START > PWM MAX DUTY) *YRAM START = PWM MAX DUTY;
return (unsigned short int) *YRAM START;
}

In this example, the variables (control output and speed error) are placed directly in the Y-RAM of the MAC unit, so
that no additional transfers are needed. But as mentioned earlier, this means that access only is possible when the
MAC unit is stopped. Since the calculation time will usually be short compared to the sampling time of the control loop,
this is no big restriction. For the same reason, it often will not be necessary to check if the MAC unit is stopped before
starting a new calculation.

The runtime of the above control loop is below 1.4us, including overhead like the operations for the status pin. During
the eight cycles which the MAC unit needs for the calculation, other tasks could be performed as well instead of the
NOPs. As an example, some sensor information could be updated. But also without additional tweaking, the entire
calculation time for the PID controller is reduced by more than 25% compared to pure C code with the same
functionality.
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A Appendix

A.1  Register list and memory map of the MAC unit
Figure 7. Register list and memory map

15 87 0
Address:00039E Access
(Reserved area) prohibited
Address:0003A04 DSP-PC (Program counter) DSP-CSR (Control/status) RW, R, W

Address:0003A2y, DSP-LY(Delay register) upper DSP-LY(Delay register) lower RW
Address:0003A4,| DSP-OTO(Output queue 0) upper DSP-OTO(Output queue 0) lower |R
Address:0003A64| DSP-OT1(Output queue 1) upper DSP-OT1(Output queue 1) lower |R
Address:0003A8| DSP-OT2(Output queue 2) upper DSP-OT2(Output queue 2) lower |R
Address:0003AA| DSP-OT3(Output queue 3) upper DSP-OT3(Output queue 3) lower |R

Address:0003ACy (Reserved area) (Reserved area) Acce;_s
prohibited

Address:0003AE (Reserved area) (Reserved area) Accgs_s
prohibited

Address:0003B0y| DSP-OT4(Output queue 4) upper DSP-OT4(Output queue 4) lower R
Address:0003B2y| DSP-OT5(Output queue 5) upper DSP-OT5(0Output queue 5) lower
( )
( )

R
Address:0003B4y| DSP-OT6(Output queue 6) upper DSP-OT6(Qutput queue 6) lower |R
Address:0003B6y| DSP-OT7(Output queue 7) upper DSP-OT7(Output queue 7) lower R

Address: Sum of products
operation macro  ACCesS
00C000H 00H RW
. X-RAM (coefficient RAM) ... 64 X 16 bits .
00CO7EH 3FH
Address: Sum of products
operation macro ACCESS
00C080H 00w R/W
. Y-RAM (variable RAM) ... 64 x 16 bits :
00COFEH 3FH
Address: Sum of products
operation macro ACCESS
00C100w 00H R/W
. I-RAM (Instruction RAM) ... 256 x 16 bits .
00C2FEH FFH

A.2 Related Documents
®  hm91265-cm71-10130-2e.pdf
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A.3  Glossary

CPU Central Processing Unit

DSP Digital Signal Processor, Digital Signal Processing
FIR Finite Impulse Response (Filter)

IR Infinite Impulse Response (Filter)

IRQ Interrupt ReQuest

ISR Interrupt Service Routine

MAC Multiply-and-ACumulate

MCU Micro-Controller Unit

PID Proportional-Integral-Derivative (Control loop)
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