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Abstract— This paper presents an algorithmic-specific proces-
sor for embedded Model Predictive Control (MPC). The opti-
mizations associated with MPC are dominated by operations on
real matrices. After analyzing the computational cost of MPC
we propose connecting a limited resource host processor with an
algorithmic-specific matrix processor, whose architecture is de-
scribed. The matrix processor uses a 16-bit Logarithmic Number
System (LNS) arithmetic unit to carry out the required arithmetic
operations. The proposed architecture is implemented using a
Hardware Description Language (HDL) and then synthesized
and emulated on a Field Programmable Gate Array (FPGA).
The timing and area cost results are presented and analyzed.

I. I NTRODUCTION

Model Predictive Control (MPC) [1] is an established con-
trol theory that is being used mainly in the chemical process
industry. Due to its ability to handle Multiple-Input-Multiple-
Output (MIMO) systems and to take into account constraints
and disturbances explicitly, there is an increased research
effort for its introduction in a wide range of nonindustrial
applications. Additionally, the explicit handling of constraints
by MPC makes it the control algorithm of choice for safety
critical applications, such as drug delivery, automotive and
aerospace control systems. As an example, in [2] the use of
MPC is demonstrated for the regulation of the blood glucose
concentration of a diabetic by injecting insulin according to
dynamic measurements of glucose concentration.

The continuously increasing rate of integration capacity in
the semiconductor industry today allows that both the con-
troller and the system under control can be hosted on the same
substrate. These Systems on a Chip (SoC) result on reduced-
size devices that can exhibit low-power characteristics and can
be mass produced more easily than having to assemble discrete
components after fabrication. The desired characteristics of an
MPC controller for such systems is to occupy small area, to
exhibit low-power consumption and to be efficient enough to
handle the dynamics of a system in real time. For example the
recent advances in microchemical reactor fabrication, where
the same substrate encompasses a chemical system with a
number of actuators and sensors, pose new challenges in real-
time control [3]. The efficiency of MPC for such systems is
presented in [4], where the control problems of temperature
distribution across a wafer and the non-isothermal flow in a
microdevice are addressed.

Due to the above reasons, there has been an increased
interest towards the implementation of MPC algorithms on
a chip, by research institutions. A real-time implementa-
tion using an off-the-shelf processor is demonstrated in [5],
where the Motorola 32-bit MPC 555 core containing a 64-bit
Floating Point (FP) unit is utilized. An alternative approach
for determining the optimal control moves for a system is
proposed in [6], where the control law is piece-wise affine and
continuous. The optimization problem is solved off-line, and
during run-time the solutions are invoked from the memory.
Although, this technique is proven to be very efficient in
terms of performance, the memory growth is superexponential
with respect to the controlled variables. Thus rendering the
system prohibitive for embedded applications, where the data
transfers to and from the memory is the dominant factor of
power consumption. In [7], an FPGA implementation of MPC
using a Quadratic Programming (QP) optimization algorithm
is presented. For fast prototyping, Handel-C is used to describe
the optimization algorithm in order to convert it to a hardware
description format, which is simulated in conjunction with
Matlab, before being downloaded onto an FPGA.

Alternatively, we propose a custom hardware architecture
consisting of a general purpose microprocessor and an aux-
iliary unit, tailored to accelerate computationally demanding
MPC operations. The general purpose microprocessor acts
as the master in the system, i.e. it carries out the tasks
of Input/Output (I/O), initializes and sends the appropriate
commands to the auxiliary unit and receives back the optimal
control moves. The auxiliary unit acts as a matrix coprocessor
by carrying out matrix operations, such as addition, multipli-
cation, inversion etc. This algorithmic-specific stores locally
the intermediate results and the matrices involved in the MPC
algorithm, and it communicates with the microprocessor only
for initialization and for sending back the results of the MPC
algorithm, thus the communication overhead is minimized
between the two units. Additionally, the Logarithmic Number
System (LNS) [8] is used by the coprocessor to carry out the
arithmetic operations required. The utilization of LNS allows
the reduction of the required word-length to 16 bits, and
consequently a general purpose microprocessor of the same
word-length is used. The alternative of an equivalent Floating
Point (FP) unit, although it exhibits similar delay to the LNS,
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In LNS real-number multiplication, division, squaring, cub-
ing and inverse are simplified considerably compared to a
fixed-point representation, since they are converted to addition,
subtraction, shifting, shifting and addition and negation re-
spectively. The operations of addition and subtraction, though,
are more expensive, and they account for most of the delay
and area cost of an LNS implementation. A simple algorithm
usually used is described by:

logb(X + Y ) = logb(X(1 +
Y

X
)) = x + sb(z) (15)

logb(X − Y ) = logb(X(1− Y

X
)) = x + db(z). (16)

wherez = |x− y|, sb = logb(1 + bz) anddb = logb(1− bz).
A näıve implementation for these functions is to store them in
Look-Up Tables (LUTs) with respect to all the possible values
of z. However, there are different optimization techniques
that reduce considerably the required memory size. The one
adopted in this work is the technique of co-transformation [10]
where two additional functions are stored, but overall consid-
erable memory savings are achieved, without compromising
any accuracy in the final result.

V. THE M ICROPROCESSOR-COPROCESSOR

ARCHITECTURE

In order to make the design flexible and easily embeddable
an off-the-self general purpose microprocessor is used. This
choice facilitates the development, since a high-level program-
ming language can be used for its programming, and the
peripherals that are usually available, such as serial communi-
cation (RS-232), Digital-to-Analog (D/A) conversion, render
the microprocessor the communication interface between the
matrix coprocessor, that calculates the optimal moves, and the
plant under control.

A. Communication

The matrix coprocessor acts as a peripheral device of the
microprocessor by having dedicated part of the address space,
which is limited to two memory locations since the micro-
processor needs to send commands and data, and read back the
available data and the status of the coprocessor. Additionally,
four more signals are used: Chip-Select (CS) to signal the
coprocessor’s selection, Read (RD) to signal reading, Write
(WR) to signal writing, and Data-of-Status (DS) to distinguish
between data and status. The data exchanged between the
two ends is divided in two parts. The first part consists of
the required matrices used in every optimization step. These
matrices are sent only at the beginning of the algorithm and
are stored locally in the coprocessor, thus this communication
overhead is negligible. The second part includes the sequence
of commands that comprise the optimization algorithm, and
the optimal move that is sent back to the microprocessor at
the end of each optimization step.

The matrix coprocessor works independently of the mi-
croprocessor, hence during the execution of a command the
microprocessor can perform any other task and send the next
command or read back available data whenever is desirable.

This configuration accelerates considerably the execution of
MPC, since otherwise a microprocessor is dedicated to per-
form all the computationally demanding matrix operations
described by Eq. (8)–(11).

B. The Datapath of the Matrix Coprocessor

The main burden of performing the computations required
for MPC, falls on the coprocessor. This unit has to demonstrate
enough performance to meet the requirements of a tight real-
time application, and at the same time it has to consume
low-power in order to be suitable for embedded applications.
Additionally, it is desirable to be scalable in order to address
problems of a wide range of sizes without wasting resources.
The systolic architectures for matrix operations, such as mul-
tiplication or inversion, appear to be very efficient in terms
of performance. In [11] a systolic architecture for real matrix
inversion or sizen is proposed, requiring2n2 − n processing
elements implementing the operations ofc−ab, ab−c or 1/c.
Due to the highly parallel nature of this architecture the time
units required for a matrix inversion are(5n − 1)td, where
td is the delay of a real scalar inversion. However, it is not
scalable to problems of different size, thus wasting resources
when matrices smaller thann are manipulated.

Instead, we propose a coprocessor that manipulates matrices
in an iterative fashion, i.e. there is one LNS arithmetic unit,
that can execute the operation ofab+c, and a number of local
memory units that store intermediate results. The sequence of
operations are controlled by a Finite State Machine (FSM)
that receives a command from the microprocessor and after
executing the necessary tasks signals back the completion.

The processors datapath includes two matrix registers,A
andC, each of which contains ann×n matrix, wheren ≤ 2m

and the constantm determines the maximum-sized matrix
processed by a single command. The host sendsn to the matrix
processor, which then defines the size of the matrices needed
to execute a particular operation of the MPC model.A and
C both are16 × 22m memories.A is a dual-port memory,
where one of its ports is attached to a pipelined LNS ALU
of the kind described in [10]. In the current prototype, there
is only one such ALU, but the highly independent nature of
common matrix computation may allow up to2m such ALUs
to be used effectively in future versions. Whenn < 2m, there
will be unused rows and columns inA and C which the
processor ignores. The address calculation forAi,j or Ck,j

simply involves concatenation of the row and column indices.
Such indices are valid in the range0 ≤ i, j, k < n.

In addition to the matrix registers,A andC, the processor
has a main memory,m[ ] , to store the several matrices
needed by MPC. When the host requests the matrix processor
to perform a command, say matrix multiply, the host also sends
addr , which indicates the base address of the other operand
in memory, referred to asB. Unlike A and C, which have
unused rows and columns,B is stored with conventional row-
major order; ann×n matrix takesn2 rather than22m words.
The preferred mode of operation is to keep all the matrices
required inside the matrix processor. In the eventm[ ] is
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