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generally governs them. The RP system 
designer made this trade-off to avoid 
designing a custom IC chip to perform 
some or all of the processorʼs functions in 
the system.

A newer architecture for RP systems 
involves using FPGAs to off-load tasks 
from the main processor. Often, the need 
for a quick-loop time in RP applications, 
as well as other simulation and control 
applications, is due to the need to achieve 
a certain resolution in synchronizing I/O 
with external events. Because FPGAs 
allow a designer to configure the system 
at the chip level, they provide the capabil-
ity to immediately process I/O signals and 
to react quickly without requiring effort 
from the main processor. The processor 
can run at a speed necessary to perform 
the control or simulation calculations, 
making decisions that are carried out by 
an FPGA clocked at a much higher speed. 
This architecture also benefits systems for 
validating embedded systems after the 
prototyping stage. 

Device testing
After performing rapid prototyping to 
verify algorithms, the designer will embed 

them into the target hardware and test 
the resultant device. One way to test the 
device is to simply place it into an other-
wise complete and working system and 
evaluate its performance. If this approach 
is not practical due to safety, cost, or other 
reasons, the designer may want to simulate 
the system around the device. Engineers 
call this Hardware-In-the-Loop (HIL) 
simulation testing.

engine. Otherwise, there is a risk of 
damaging an expensive, perhaps also 
prototypical engine, or worse, injuring 
someone.  An HIL system simulates the 
engine and how it responds to the engine 
controller based on real-world operating 
conditions. The engine parameters as well 
as conditions of various operating profiles 
are all incorporated into the model used for 
HIL simulation. Figure 1 shows a diagram 

Overview of HIL testing
When developing a controller for an 
engine, a designer will probably want 
to use HIL simulation before connecting 
a new control module directly to a real 

of an HIL simulation system for an engine 
controller test. A PXI controller PC running 
a real-time operating system implements 
the engine model, and an FPGA on an 
adjacent PXI module handles the I/O.

HIL simulation often demands a more 
powerful system than RP. The device under 
test might typically interconnect with many 
different devices and might exchange 
information over a communication bus 
from analog sensors or the on-off states of 
switches or relays. The HIL system must 
simulate all of these types of output based 
on inputs from the device under test and the 
parameters of the model(s).

HIL testing and FPGAs
Since HIL systems must simulate many 
different types of devices, the recon-
figurability of the FPGA can reduce the 
amount of hardware required for the
system. A designer can configure an
FPGA to perform as many counter-timer 
channels for interfacing to encoders or 
Pulse Width Modulation (PWM) I/O, as 
well as implement custom digital commu-
nication protocols.

Off-loading the processor can be 
even more beneficial for an 
HIL system than for an 
RP system, since the 
device might typi-
cally require more 
of the processor. 
The FPGA is 
able to control 
timing and syn-
chroniza t ion 
and can respond 
to events with 

“Because FPGAs allow a designer
to configure the system at the chip level,

they provide the capability to immediately process
I/O signals and to react quickly without

requiring effort from the main processor.”
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custom triggering logic, freeing the
processor to run the simulation model. 
Using a fast processor and a real-time 
operating system will provide good perfor-
mance and determinism for all processor 
tasks, but an FPGA configured specifically 
for a small number of tasks will outstrip 
the processor in both of these categories.

Continuing with the example of HIL for 
engine controller testing, consider an 
HIL system that runs the engine model 
at a loop rate of 1 KHz. This is the rate 
at which the processor makes decisions 
regarding how to respond to the control-
ler inputs. However, the sampling of 
the controller outputs and many of the 
simulated outputs of the HIL system must 
synchronize with the simulated crank 
signal – engine rotational position. For 
example, when tracking a crank angle 
to within one degree at 4000 rpm, the 
designer must sample and synchronize at 
a rate of 24 KHz. Using an FPGA achieves 
timing and synchronization control on 
the order of microseconds or even nano-
seconds, while the system requires the 
main processor simulation loop to run on
only the order of milliseconds.

Consider a simulated knock event. The 
processor running the engine model in 
the HIL system decides, “based on the 
outputs from the controller and the state 
of the simulated engine, there will be a 
knock event on a particular cylinder of a 
certain magnitude, at a certain time and 
crank angle.” It makes this decision at its 
rate of 1 KHz. The processor then com-
municates this information to the FPGA, 

which handles the I/O and correctly 
generates the synchronized output 

to the controller.

Without using an FPGA, the 
HIL system would require a 

more powerful processor to 
respond quickly enough to 
make the engine controller 
“believe” that it is control-
ling a real engine. An FPGA 

configured as a custom chip can perform 
I/O handling functions more rapidly and 
efficiently than a general-purpose proces-
sor running under an operating system.

Incorporating FPGAs
There are a number of ways to take
advantage of FPGAs for prototyping or 
testing products. One option is to build 
the hardware and then integrate the FPGA 
chip. The other end of the spectrum would 
be to purchase a turnkey solution for HIL 
testing from a system integrator. There 
are also intermediate solutions available 
to assist with integrating the FPGA into 
hardware platforms. These solutions often 
provide application-focused software 
tools for configuring the FPGA within the
hardware framework.

Custom I/O hardware
In many companies, different engineers 
are responsible for product design, proto-
typing, and testing. However, an engineer 
responsible for prototyping or testing 
might also have a good hardware design 
background. If this is the case, the engineer 
might wish to lay out the circuit board, 
develop the FPGA code, and integrate the 
analog and digital I/O. 

Experienced circuit designers creating 
simpler designs on smaller FPGAs might 
want to use schematic capture tools. As 
the complexity of the required FPGA
configuration increases, engineers might 
use other tools that incorporate behavioral
languages such as VHDL or Verilog. 
It might be possible to find pre-written
functionality in the form of IP Cores that 
can plug into code to handle common 
calculations. Additionally, there are tools 
available today that allow the use of higher-
level graphical interfaces, such as state 
machines, to configure FPGAs. Depending 
on the tools the engineer wishes to use, 
there might be a need to become more or 
less familiar with the details of mapping, 
place-and-route, timing analysis, and
configuration.

Turnkey systems
Most vendors of HIL systems have evolved 
large feature sets and mature functional-
ity around a traditional processor-and-
operating system model. Many have a 
large investment in a proprietary hardware 
platform based on this model. Delivering 
solutions for HIL generally involves some 
level of system integration, and some 
vendors will build upon newer third-party 
tools if the customer desires this approach.

Some consulting firms or system inte-
grators develop HIL solutions based on 
general-purpose PC and I/O hardware, 
rather than custom proprietary hardware. 
This trend has increased in recent years.

Intermediate tools
If an engineer wants the flexibility of 
integrating a system, but does not want 
to design at the chip or board level, there 
are a number of board-level solutions 
available that already include FPGA and 
I/O features. This approach avoids dealing 
with design issues such as noise immunity, 
settling time, and crosstalk.

These boards might operate as stand-
alone, or might interface to a PC via buses 
such as JTAG, RS-232, PCI, or PXI – the 
industrial version of PCI for measure-
ment and control. If a designer can inter-
face the FPGA board to a PC running 
a real-time operating system, then they
can achieve determinism on higher-level 
control and simulation tasks, as well as I/O 
handling. In this event, the designer can 
use a separate PC running Windows as a 

Figure 1
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“If a designer can
interface the FPGA board 

to a PC running a
real-time operating

system, then they can 
achieve determinism

on higher-level control 
and simulation tasks,

as well as I/O
handling.”




