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Introduction 

In this e-book, we want to briefly introduce you to Power Hardware In the Loop applications and choosing 

the right hardware for your application. 

In doing so, we will cover the following topics. 

1. What is Hardware In the Loop (HIL)? 

2. What is Power Hardware In the Loop (PHIL)? 

3. Applications for PHIL 

4. In 4 steps to the right amplifier for your PHIL application 

a) Sizing the amplifier 

b) A one, two or four quadrant amplifier 

c) The Bandwidth of the amplifier 

d) The communication between the amplifier and the HIL hardware 

5. The range to one, two and four quadrant amplifiers at TTMS 

 

With each application of Hardware In the Loop, specific concerns arise. 

After reading this e-book, we advise you to contact us so that we can advise you on the best solution for 

your application. 

 

  



 
1. What is Hardware In the Loop (HIL)? 

Hardware in the Loop (HIL) is a testing and validation technique often used in the development of complex 
systems such as electronic implementations in automotive and aerospace applications, industrial 
machinery and other similar applications. Examples include motor control systems, brake controls, 
communication systems and many other applications. In every contemporary concept we encounter 
electrical designs that provide control, safety and communication in a design. These designs must be tested 
and must perform their function correctly at all times. 
 
In HIL, the physical components or subsystems of the existing system are coupled and connected to a 
simulated environment. The simulation can be, for example, a software model of other subsystems or 
environmental factors such as weather conditions. The purpose of HIL is to verify that the physical 
components of the system work correctly and communicate with other components and subsystems just as 
they would in the real environment. HIL testing can be used to simulate and test various scenarios, 
including fault conditions and extreme environmental conditions that are difficult or impossible to 
reproduce in a real environment. By conducting HIL testing, developers can identify and resolve problems 
before the system goes into production, ultimately leading to a more reliable and safer end product. 
 

 
 

 
There are a number of well-known suppliers of Hardware In the Loop hardware combined with advanced 

software. These include OPAL-RT, Typhoon-HIL, dSpace, Speedgoat, Vector and many others.   



 
2. What is Power Hardware In the Loop (PHIL)? 

 
Power Hardware In the Loop (PHiL) is a variant of the original HIL (Hardware In the Loop) concept. The 
concept of HIL is retained and supplemented with additional power -read amplifier- in the loop. In this way, 
a HIL concept is made suitable for driving physical components or subsystems that require more power. 
Think of testing or designing electric motors, transformers or inverters.  
 
In a PHIL system, the equipment under test (for example, an inverter) is integrated into a test rig with real-
time simulation models of other equipment and systems (for example, a power grid or a wind turbine). The 
whole is then controlled by a real-time simulation environment that coordinates and controls the behavior 
of the entire setup. PHIL offers several advantages over conventional test systems, including a higher 
degree of safety, accuracy, reproducibility and flexibility. It also makes it possible to perform the most 
sophisticated and complex test scenarios that are difficult to achieve with traditional testing methods.   
 
PHIL is often used in the development and validation of power inverters, wind turbines, solar systems and 
other power systems, where system reliability and performance are critical to system safety and efficiency. 
 
 
 
 

 
  



 

 

3. Applications for PHIL  

There are numerous applications where Power Hardware In the Loop (PHIL) can provide a solution. We 
highlight some of them: 
 

• Inverters for solar energy systems: A PHIL setup can be used to test the 
performance of an inverter for solar energy systems. The inverter is 
integrated into a real-time model that will simulate the solar power system 
and power grid. This allows the performance of the inverter to be 
evaluated under different loads, operating conditions and weather 
conditions. 
 

• Energy Storage Systems: Consider batteries, supercapacitors and fuel cells. When testing these 
storage systems with PHIL, real battery modules or fuel cells are integrated with a simulation model 
of the system in which the battery is used. Different scenarios can easily be simulated to test a 
battery's battery management system (BMS) for performance and safety. 
PHIL can also be used to test and optimize battery system charging and 
discharging algorithms. By integrating real batteries with power system or 
grid simulation models, engineers can simulate different charging and 
discharging scenarios and evaluate battery performance. 

 

• Electric vehicles: PHIL setups can also be used to test and validate electric vehicles. In this case, the 
vehicle's battery, motor and voltage converters are integrated into the real-time simulation models 
that will simulate the physical properties of the road, driver and power grid. This allows the 
vehicle's performance and behaviour to be analysed under these different operating conditions.   
 

• Wind Turbines: A PHIL setup also provides a solution to test and validate 
wind turbines. In this application, the turbine and control algorithm are 
integrated with the real-time simulation models of the wind power and 
direction, and the power grid to which the wind turbine is connected With 
this, the performance and behavior of the wind turbine can be analyzed 
under different weather conditions, loads and power grid situations. 
 

• Industrial automation: PHIL is also used in the industrial automation sector to test complex control 
systems. It can be used to validate robotics, motion control systems, process automation and other 
industrial control applications. 

 



 

• Grid stability: PHIL setups can be used to test and validate the stability of power grids. In this case, 
real-time simulation models of the power network and loads are integrated with physical 
equipment such as generators and inverters. Thus, we can then analyze the performance and 
behavior of the network under different loads and disturbances. 
 

• Network Management Systems: Testing and validation of SCADA (Supervisory Control and Data 
Acquisition) and DMS (Distribution Management System) systems is also among the capabilities. By 
integrating real-time simulation models of the network and loads with physical equipment such as 
switchgear, power controllers and sensors, various scenarios can be simulated and tested to 
analyze the operation and performance of network management systems. 
 

• Smart Grids: PHIL provides a solution here by testing and validating the operation and performance 
of smart grids. By integrating real-time simulation models of the network and loads with physical 
equipment such as a connected electric cars, solar energy systems and battery for energy storage. 
Thus, all scenarios can be simulated and tested to analyse and optimize network performance. 
 

 
 

 
  



 
4.  In 4 steps to the right amplifier for your PHIL application 

 
A well-designed PHIL simulation setup is a powerful tool for research, development and testing applications 
in power electronics and power systems. But how do you select the right amplifier for a specific PHIL 
application? These 4 steps are already a good guide. 
 
A.  Dimensioning the amplifier 
 
The first consideration when designing a PHIL test setup is to specify the operating range of the devices that 
will be paired. A common mistake is to select an amplifier solely on the basis of its power output without 
considering some important points. Should the amplifier be able to absorb power? What bandwidth do we 
need?  Furthermore, the design must be chosen to meet the test requirements that may be exceeded by 
transients or starting currents that may cause a transient overload. 
 
The following aspects should be considered when choosing the amplifier: 
 
Specifications of the application 
 

• The number of phases or channels required. 

• The rated power at rated frequency (kVA for AC, kW for DC). 

• The power factor and the actual power required in all 4 quadrants (bipolar arrangement). 

• The rated DC and AC voltage required by the setup. 

• The frequencies at which to test. 

• To determine the power and current range, taking into account any starting currents (motors). 
 

 
 

 
 
 
 
  



 
Power peaks and amplifier operating specifications   
 
In addition to these features, amplifier manufacturers specify the degree of configurability for overvoltage 
and overcurrent protection and limit setting. Users can take these into account when determining the 
operating range of the test setup. Most amplifier manufacturers can provide characteristic graphs of the 
amplifier's dynamics to verify that the operating range is adequate. 
 
 

 
 
 
 
Some amplifiers can handle higher current and power than their advertised limit for a short period of time. 
Additional information about this can be provided by the manufacturer. 
 
At TTMS we have available, among others, Cinergia's amplifiers that can deliver 200% of the specified 
power and current for 2 seconds. 
 
In some cases it may be necessary to add a step up transformer to achieve the target voltage of the DUT. 
For safety, the power specifications of this transformer should be at least 10% to 20% higher than that of 
the amplifier. Also note that adding a transformer can change the frequency. In addition, transformers can 
easily saturate, depending on their saturation characteristics and operating conditions. High transformer 
saturation induced by DC voltages or transients can be seen by the amplifier as a quasi-short circuit, which 
can cause the amplifier to trip. Therefore, it is very important to know the needs of the application for 
which a PHIL configuration is being designed. Some transformer designs allow a wider range of linear 
operation, but the cost and weight can increase significantly. Ultimately, the design of a PHIL test setup 
always involves compromises with respect to cost and operating conditions. 
  
  



 
 
 
B. A one-, two- or four-quadrant amplifier 

 
Sourcing and Sinking 
 
The second important element to consider is selecting a configuration with source and sink capabilities. An 
amplifier with absorbing capability can be much pricier than a standard sourcing amplifier. Depending on 
the application, the simulation setup must supply power to a load (known as sourcing) and/or to be able to 
absorb power (known as sinking). For example, the energy generated by braking in an engine can be reused 
to charge its battery. We also see this bi-directional concept in micro grid applications where excess 
generated energy is sent back into the main grid of the energy supplier. When there is a shortage of self-
generated energy, energy is then demanded again from the power supplier. 
 
Another example are bi-directional charging points that power the connected vehicle at times when there 
is energy surplus on the grid. But when there is a shortage, will send the stored energy from the battery 
back to the grid. (V2G, V2X,...). So if the energy flow of an application has to go in both directions an 
amplifier is needed that does both soucing and sinking. This is where we end up with bi-directional and 
bipolar or 4 quadrant amplifiers. The bi-directional amplifier is active in quadrant 1 and 2. The voltage 
remains positive but the current can be either positive or negative. The bipolar amplifier is active in all 4 
quadrants and can handle both positive and negative voltages and currents. 
 
 
 

 
 
  



 
Linear or switching amplifier 
 
Linear amplifiers operate in the linear region of semiconductor components. These amplifiers normally 
have a good frequency response above 10kHz. A disadvantage of these amplifiers is that they are often less 
efficient and large in size. This must be considered in high-power applications.  
 
Switching amplifiers operate in the saturation region of the switching element. By design, they are a lot 
more efficient (> 90%) and better at absorbing energy and normally have higher power in a more compact 
housing compared to linear amplifiers. A disadvantage is that they generally have a lower bandwidth 
depending on PWM frequency and filtering. New designs of switching amplifiers can now head toward a 
bandwidth of 5 kHz and higher using faster switching elements such as the newer SiC and GaN transistors. 
 
The safe operating range of linear and switching power supplies can be quite different, especially when it 
comes to current overload. Some amplifiers, usually the linear ones, consume extra power which then 
translates into a lot of heat dissipation. Others can deliver extra power to the grid. These high-quality 
regenerative amplifiers are much more efficient because less power is lost to heat. 
 
So selecting the source and sink capabilities of an amplifier depends largely on the application. Once these 
are chosen, the next logical step is to select the appropriate bandwidth. 
 
 
  



 
 
C.  Amplifier bandwidth 
 
Determining the amplifier bandwidth is a factor not to be underestimated in determining the total PHIL 
system cost. In fact, the total system cost can easily double if high-frequency amplifiers are required 
compared to a normal low-frequency amplifier. 
 
Emulating motors 
 
Example: we want to simulate a motor to test the thermal capacity of an inverter design. To do this, it is 
sufficient to emulate a simple motor model capable of reproducing the RMS value of the motor current 
under various conditions such as steady state and overload. A low-frequency amplifier capable of 
generating voltages and currents at the fundamental frequency expected at the motor terminals is 
sufficient. 
 
On the other hand, the analysis to what extent the inverter controller can suppress torque ripple requires 
accurate simulation with high-frequency harmonics, which can reach 5 kHz or more, depending on the 
motor rotation speed and number of poles. Such high-end PHIL motor emulators require a high-bandwidth 
amplifier controlled by a fast real-time simulator that can create a detailed model.  
 
A simulation time around 1 or 2 microseconds and an amplifier with a bandwidth of 5 kHz to 10 kHz will be 
required to simulate harmonic current and torque ripples. Starting the motor also generates short current 
spikes at the inverter which must be detected by the protection circuit. Testing such high-speed protection 
is also going to determine the response time and bandwidth required by the amplifier. In practice, to 
realize real-time high-end motor models, we need a stable amplifier that can handle current spikes and has 
high bandwidth to simulate harmonic distortion. 
 
 Emulating power grids 
 
The same analysis must also be performed to implement a distribution and micro grid PHIL simulator. For 

example, testing a slow micro grid controller with an update time of 50 to 100 milliseconds requires power 

amplifiers that can generate the nominal grid frequency 50hz to emulate power fluctuations. A simple 

simulator and an amplifier with not too high bandwidth may be sufficient. But for simulating very fast 

overvoltage and overcurrent spikes caused by switching power electronics, we need amplifiers with higher 

bandwidth controlled in real time by a fast simulator. 

Selecting a stable and accurate amplifier 

It is also vital to analyze the stability of the closed loop system formed by the amplifier, the load, the real-
time simulator, all sensors and communication links. The purpose of this is to obtain a stable PHIL system 
taking into account all possible delays. Accuracy, stability and overall safe operation of the PHIL system are 
priorities. In fact, tuning a PHIL system is like optimizing an operating system where stable running is given 
absolute priority. Problems must be carefully analyzed and all delays caused by the real-time simulator, 
amplifiers and interface devices must be minimized to increase the accuracy and stability of high-end PHIL 
systems. Amplifiers with a bandwidth of +/-10 kHz and FPGA-based fast simulators of less than a 
microsecond are often required. 
 
The maximum bandwidth of a PHIL application equals the maximum frequency capability required to 
simulate the specified transients and harmonics during the test. 
 

 
 



 
 
 
 
 
 

 
 
 
 
 
 
 
The following specifications are very important to determine the accuracy, speed and stability of the PHIL 
system;  
 

• Bandwidth determination by bidirectional diagrams showing the gain and phase as a function of  
frequency at different powers and type of loads 

• Maximum slew rate and initial delay 

• Communication delays to and from the DUT performed by the real-time simulator 

• Inductance and impedance 

• Sensor accuracy and delay 

• Anti-aliasing filters (for example, if the DUT is an inverter) 
 

  



 
 

D. Communication between amplifier and simulator 
 
PHIL applications require fast control of the amplifier and fast feedback of currents and voltages to close 
the loop. If the feedback is too slow, the changing currents and voltages will not be measured correctly, 
resulting in an unstable configuration. Because real-time simulators can be interfaced with a wide range of 
amplifiers and controllers, choosing the right instrumentation is crucial. In fact, the right equipment can 
stabilize a PHIL setup by significantly reducing the feedback time. In PHIL, we encounter two ways of 
sending current and voltage feedback back to the simulator. With digital communications or with analog 
connections. 
 
Digital communication 
High-end amplifiers often have the ability to measure their output internally and send the information 
through a small form-factor pluggable transceiver (SFP) via a point-to-point communication protocol called 
Aurora. SFP and Aurora provide digitized measurement and control without noise at high speed with 1 
connection point via fiber optics. Aurora also allows the amplifier to be configured remotely through the 
simulator interface with specific function commands such as current and voltage limits as well as switching 
amplifier output on and off. Fiber optic interfaces eliminate ground loop problems and noise interference 
and provide maximum security. 
 
Analog connections 
Some amplifiers use analog inputs and outputs. In such cases, the simulator must also have analog outputs 
and inputs to connect to the amplifier. Special care must be taken to avoid noise in the cables connecting 
the amplifiers and sensors to the simulators. Galvanic isolation is also recommended to avoid problems 
with ground loops and to obtain a safe installation. 
 
 

 
 
  



 
 

5. The range of one-, two- , and four-quadrant amplifiers at TTMS 
 
One quadrant amplifiers or DC power supplies / DC loads 
 
One quadrant amplifiers actually consist of two main categories; DC power supplies or DC loads. There is a 
subdivision into linear and switched mode power supplies/loads. 
 
Depending on the models, we can also divide them into constant voltage, constant current, constant power 
and constant resistance for the loads. Among the loads, we now see more and more regenerative DC loads. 
In fact, all DC power supplies and loads with an analog interface can be used as a single quadrant amplifier 
in a PHIL system. And then we come to voltage ranges from Nano Volt to kilo Volt, current ranges from pico 
Ampere to kilo Ampere and power ranges from micro Watt to Mega Watt. 
 
Itech IT2800      Magna Power TS series 
 

 
 
 
 
 
ISEG SHR DC High Voltage DC Power Supply   H&H PLI load 
 

   
 
For a complete overview of DC power supplies at TTMS, please refer to DC Power Supplies. 
 
For a complete overview of the DC loads at TTMS, please refer to DC loads. 
 
 
  

https://tt-ms.com/product/itech-it2800-high-end-4-quadrant-power-supply-measurement-combination/
https://tt-ms.com/product/magna-power-ts-series-dc-power-supplies-5-0-kw-100-0-kw/
https://tt-ms.com/product/iseg-shr-precision-dc-high-voltage-power-supply/
https://tt-ms.com/product/hh-pli-series-dc-loads-600-w-28-8-kw/
https://tt-ms.com/cat/power-en/dc-power-supplies/
https://tt-ms.com/cat/power-en/dc-loads/


 
Two quadrant amplifier 
 
Bi-directional amplifiers ( also called two quadrant power supplies or unipolar power supplies ) are capable 
of covering two quadrants in terms of voltage or current. We see this a lot in the application of charging 
and discharging batteries. Always a positive voltage but the current can be either positive or negative. 
Again we have range from nV to 2250V, from pA to 30kVA, powers from µW to MW and frequencies up to 
>1kHz. These amplifiers also come in regenerative versions where when the current is negative, the power 
is supplied back to the grid. 
 
H&H QL series                   Itech IT6000C 
 

  
 
 
 

 
The reverse is also possible. Always a positive current but the voltage can be either positive or negative. We 
see this for example in an AC power supply. And again we go from very small AC power supplies of 300VA 
to possibilities up to >1MVA. Voltage ranges run up to 600Vacl-n, currents into the kA, powers up to 
>1MVA and frequencies up to 5kHz. 
 
 
Itech IT-M7700      Elettrotest TPS 
  

 
 
 
 
 

 
  

https://tt-ms.com/product/hh-ql-series-bipolar-power-supplies/
https://tt-ms.com/product/itech-it6000c-series-bidirectional-power-supplies/
https://tt-ms.com/product/it-m7700-high-performance-ac-power-supplies-from-itech/
https://tt-ms.com/product/elettrotest-tps-series-single-phase-ac-power-supplies/


 
Four-quadrant amplifier (bipolar amplifiers) 
 
Bipolar amplifiers (also called four quadrant amplifiers) are capable of generating both voltage and current 
in both positive and negative.  
 
We at TTMS have a very wide line of bipolar amplifiers. Amplifiers ranging in power from a few watts to 
more like a Mega Watt. Voltage ranges run up to 700Vac and currents up into the kA. Exceptional in this 
category are also the frequency ranges. We have amplifiers from DC to 1MHz with voltages of 300Vp-p. 
 
 
 
NF Corp BP4610           Cinergia Rack mount versie GE&EL+ vAC/DC 

 

        

 

 

Itech IT7900EP       NF HSA 

 

 

 

 

 

With each Power Hardware In the Loop application, specific concerns arise. 

We therefore recommend that you also contact us after reading this e-book so that we can advise you on 

the best solution for your application. This can of course be done by email (info@ttms.nl) , telephone (+31 

(0) 252 621080) or this specific contact link. 

 

 

 

https://tt-ms.com/cat/power-en/four-quadrant-amplifiers/
https://tt-ms.com/2016/09/02/bipolar-dc-power-supply-dc-150-khz-amplifier/
https://tt-ms.com/product/cinergia-geel-30-ac-dc-sic-rs/
https://tt-ms.com/product/itech-it7900ep-series-regenerative-grid-emulator-and-regenerative-ac-load/
https://tt-ms.com/product/nf-hsa-42052-high-speed-bipolar-amplifier/
mailto:info@ttms.nl
https://tt-ms.com/contact/

