
HIGH PERFORMANCE CONTROL 
DEVELOPMENT AND TESTING

Experiment on downscaled 
prototypes, while facing all the 
challenges of advanced converter 
control in realistic conditions

Modular power solutions
PROTOTYPING EQUIPMENT FOR POWER ELECTRONICS



Run an offline 
simulation

1

Generate 
the runtime code

automatically

3

Operate the system 
and export results

4

OUR PROMISE

imperix products provide solutions for 

accelerating power converter research 

and development.

	▪ Our blocksets for Simulink and PLECS 

enable the accurate simulation and 

pre-tuning of control algorithms.

	▪ Test benches can be quickly assem-

bled thanks to plug-and-play inter-

faces between our power modules 

and the controllers.

	▪ Switching from a simulation environ-

ment to a real prototype can be done 

quickly, using multiple iterations if 

needed.

SOLUTIONS OVERVIEW
Speeding up power converter development and testing



Build an 
experimental setup

2

Efficiently document
your work
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PESnet SyCCo RealSync (this article)
Topology Ring 1-tree 2-tree
Total data transfer delay DTOT N ‧ DNL + N‧ DPT N ‧ DNL + DPT 2‧ DNL + (N-1)‧DPT

DTOT with DNL = 2 ‧ DPT 3N ‧ DPT (2N+1) ‧ DPT (N+3) ‧ DPT

Topology efficiency ET with DNL= 2 ‧ DPT ET = N ‧ DPT / 3N ‧ DPT ET = N / (2N+1) ET = N / (N+3) 
ET with DNL = 2 ‧ DPT and N = 8 ET = 33 % ET = 47 % ET = 73  %

Table 3: Topology performance for selected solutions with EF = 100 % and equal DPT and DNL for all topologies 
(Formulas are valid if DPT < DNL  and N > L ‧ DNL  / DPT with L being the number of layers of the network).
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Fig 5: DTOT as a function of the number 
of addressed nodes (1 Gbps).
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Fig 6: ET for different fanouts, as a 
function of DNL / DPT with N = 8.
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Fig 7: ET for different fanouts, as a 
function of the payload with N = 8.

Fig 5 shows that the total delay as a function of N grows 
slower with tree-shaped topologies. Fig 6 shows that all 
tree topologies perform similarly for DNL / DPT < 1, which 
is due to data congestion. It also highlights the superior-
ity of tree-shaped networks for higher ratios. Fig 7 shows 
that the benefits of tree-shaped networks are particularly 
noticeable for fast networks with small payloads, due to 
high DNL / DPT ratios.

Intuitively, these observations can be explained by the 
fact that, in a tree-shaped topology, the slave nodes are – 
in average – closer to the master, which greatly reduces 
the impact of the propagation delay and leads to an im-
proved topology efficiency. Also, tree-shaped networks 
possess the nice side benefits of possibly maintaining 
partial operation with some node failing, as well as the 
possibility to implement localized data loops (sub-mas-
ters and their associated sub-networks).

III. IMPLEMENTATION
In order to provide a solution that is in no way limited to 
a particular application, it must be possible to define, at 
runtime, the amount of data to be transferred, designating 
these data by their address in a global addressing space. 
The slave-to-master data transfers are also chosen to op-
erate very differently, as they are initiated by the slaves, 
based on a time-scheduled mechanism. Typically, these 
transfers follow the distributed A/D conversion after the 

sampling. The communication itself is implemented as 
a full-custom IP on top of the 16bits 8B / 10B variant of 
Xilinx Aurora. It has been synthesized for the Zynq 7030 
family devices. The frame definition is shown in Fig 9.

As shown by Fig 8, nodes are arranged around a switch, 
containing an arbiter and a router. The role of the router 
is limited to reading the Slave ID field and pushing the 
packet to the associated downstream port. Given the ear-
ly location of this field in the packet, this happens quick-
ly, without requiring to buffer the entire packet, hence 
minimizing latency. The arbiter only pushes the first in-
coming packet upwards, while buffering other packets 
until the upstream port is available. Particular attention 
was paid in the firmware design so that node latency is 
minimized. This leads to a node latency of only 170 ns 
at 6.6 Gbps.

Three data exchange services are implemented in hard-
ware. The RT DMA read service buffers the data received 
from the slaves, while remapping them for convenient 
presentation to the CPU. The RT DMA write service dis-
patches memory-mapped real-time data produced by the 
CPU to the slaves. This typically contains time-coherent 
actuator data such as PWM parameters. Finally, the Ba-
sic R/W service allows the direct access to any memo-
ry-mapped slave data, which is useful for non real-time 
traffic such as configuration data or sporadic exchanges. 

ar
bi
te
r

ro
ut
er

Aurora

Slave
terminal

Aurora

ar
bi
te
r

ro
ut
er

Aurora

Slave
terminal

Aurora

ar
bi
te
r

ro
ut
er

Aurora

Slave
terminal

Master
terminal

Master
terminal

Master
terminal

Aurora

Fig 8: Switch implementation for a 1-tree network
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Tree-shaped networked control system for 
modular power converters with sub-μs latency 

and ns-scale synchronization accuracy
 Benoît Steinmann, Gabriel Fernandez and Nicolas Cherix

Imperix Ltd, Sion, Switzerland
benoit.steinmann@imperix.ch, nicolas.cherix@imperix.ch

Abstract — The article introduces a new distributed 
control system for modular power converters, suitable 
to meet the needs of wide band gap devices and mod-
ern fast switching applications. The article addresses 
first the selection of the control network topology and 
demonstrates the superiority of the so-called 2-tree 
topology. Following this choice, the implementation 
of a fully customized protocol is presented, using Xil-
inx Aurora as the base for FPGA-to-FPGA commu-
nication. The provided experimental results show a 
synchronization performance of ± 1.5 ns, as well as a 
total data transfer delay of 627 ns for the update of 8 
distributed modulators contained within a phase-leg 
of an MMC prototype.

Keywords — Distributed modulation, modular control, 
synchronization, clock dissemination, low latency, mod-
ular multilevel converter, FPGA.

I. INTRODUCTION
Power Electronic Building Blocks (PEBB) offer sever-
al benefits for the design of power converters, including 
better scalability, facilitated maintenance and possible re-
dundancies [1]. Modular Multilevel Converters (MMC) 
are well-known examples of modular converter systems, 
but many more exist such as aggregates of photo-voltaic 
panels, battery storage systems, distributed drives, etc.

However, despite the growing trend to develop modular-
ized power stages, the control and modulation often re-
main mostly centralized. Some consider this a brake to 
benefiting from the full potential of PEBB-based design 
[2],[3],[4]. Also, a centralized control hardware presents 
a single point of failure and requires a higher computing 
power comparatively to a decentralized solution.

The challenges related to the implementation of a net-
worked control system are mainly to guarantee i) a low 
total data transmission delay and ii) a high synchroniza-
tion accuracy between nodes. Also, to comply with mod-
ern power electronics, a networked control system shall :

• Be applicable to wide band-gap devices. Practically, 
Mhz-range switching frequencies impose a timing ac-
curacy of few ns on all PWM signals in order to main-
tain sufficient resolution and avoid harmonic distortion 
at the system level. The same level of requirements is 
also set by the operation of series- or parallel-connect-
ed switches, even of silicon type. 

• For MMC and similar topologies, it must be possible 
to address numerous nodes (typ. > 1000).

• The achievable closed-loop control performance for 
systems with few tens of power switches must be well 
above 10-20 kHz, as this is a typical trend for medi-
um-frequency applications.

• The payload must not be limited to few Bytes per de-
vice and must be reconfigurable at run time. This is 
key not to force the control design into a highly ap-
plication-specific implementation and also provides 
welcome additional flexibility, particularly during the 
control validation phase. 

• Galvanic isolation and minimum number of cables are 
two aspects calling for the use of optical fibers.
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Fig 1: Networked control system for a three phase MMC 

In the 2000s, after making similar observations, authors 
of [2],[3] developed PESnet, a full-custom communica-
tion architecture, tailored for ring-type networks (Fig 2). 
Operating on 125 Mbps fibers, the solution targeted sys-
tems with few tens of nodes. Recently, a similar concept 
was proposed, designated SyCCo [5],[6]. The approach 
allows the use of daisy chains, although the communi-Page 1
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of [2],[3] developed PESnet, a full-custom communica-
tion architecture, tailored for ring-type networks (Fig 2). 
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was proposed, designated SyCCo [5],[6]. The approach 
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POWER CONVERTERS MADE OF STANDARD MODULES
Imperix power modules are building blocks for the rapid implementation of power con-
verter prototypes. They are designed for use in research laboratories, where they facilitate 
the rapid development and experimental validation of various control techniques.

Accelerated control testing

Downscaled converter prototypes are often used to validate developments that were 
previously conducted using simulations. To this end, imperix modules are of great help 
as they can be quickly assembled and connected to imperix controllers.

Unlimited topologies

Thanks to the various internal topologies of the power modules and the multiple inte-
gration options, there are virtually no limitations to the range of power converters that 
can be implemented.

Modularity for scalability

The current and voltage ratings of the modules have been carefully selected to fit most 
laboratory environments. However, modules can also be used in parallel to increase 
the current rating, or in series (multilevel converters) to increase the blocking voltage. 
In both cases, systems up to about 100kW can be easily built using imperix modules. 

+

3x



PEB 8024 / 8038 SiC HALF-BRIDGE

PEB 4050 IGBT HALF-BRIDGE

PEH 2015 / 4010 IGBT FULL-BRIDGE

PEN 8018 NPC PHASE-LEG 

	▪ 800 V / 18 A
	▪ Up to 5 kVA per module
	▪ Three-level NPC topology (I-type phase-leg)
	▪ V + I measurements, onboard protections

	▪ 200 V / 15 A or 400 V / 10 A
	▪ Up to 400 W per module, fanless design
	▪ Usable in full- or half-bridge mode
	▪ V + I measurements, onboard protections

	▪ 800 V / 24 A or 800 V / 38 A
	▪ Up to 8 kVA per module, up to 200kHz fSW

	▪ Switching- (8024) or conduction-optmized (8038)
	▪ V + I measurements, onboard protections

	▪ 400 V / 50 A
	▪ Up to 8 kVA per module
	▪ Up to 50 kHz hard switching
	▪ V + I measurements, onboard protections

POWER EQUIPMENT
A broad choice of building blocks for various types of applications

SEMICONDUCTOR POWER MODULES

EMBEDDED FUNCTIONS

1 - V/I Sensors outputs (analog)

2 - Gate drivers inputs (optical)

3 - Fault feedback output

4 - Board-to-board link

5 - Power supply (5/12 V)

6 - Cooling fan (120 W)

7 - DC link power terminals

8 - Power switches (2x SiC MOSFETs)

The power electronic building blocks are the cornerstone of imperix power solutions. They are available as standalone products, or 
already integrated in racks or even complete systems. Although they embed no intelligence, they possess useful sensors and protec-
tions, to be used in coordination with a separate controller.



4U x 19’’ ENCLOSURE

MECHANICAL INTEGRATION OPTIONS

19’’ rack-mounting options

Imperix power modules are designed for 
easy assembly within 19” racks and cabi-
nets. This offers an effective way to build 
reconfigurable systems.

Two rack-mounting options are possible : 
open chassis (left) for handy and afford-
able mounting, or closed racks (right) for 
sleeker and safer configurations.

ACCESSORIES

WIRING SERVICES

The majority of power electronics applica-
tions can be covered with standard pre-
configured bundles. For specific customer 
needs, imperix also provides tailored wir-
ing and integration services, facilitating 
the commissioning of the system.

O I

O I

CA BN

3U x 19’’ CHASSIS

PASSIVE FILTERS 

The Passive Filters Box contains essential 
components for interfacing power con-
verters with various types of loads. It is 
ideally suited for AC grid connection, but 
its versatility extends to DC or single-
phase applications.

ELECTROTECHNICS 

To enable safe connection of the power 
converter to the AC grid, the Grid Connec-
tion Panel provides the essential electro-
mechanical components for protection, 
proper DC bus pre-charging, and con-
trolled connection after synchronization.

SENSORS

In situation where measurements out-
side of the power modules are required, 
external voltage and current sensors are 
available. These sensors easily connect to 
imperix controllers, ensuring quick and 
simple setup.
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APPLICATIONS EXAMPLES

PV INVERTER
Grid-tied central inverter for photovoltaic application

BATTERY CHARGER
Single-phase inverter with isolated DC/DC converter
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Work with a real PV panel 
and improve the realism 
of your setup !

Measure real power flows 
and evaluate efficiency !

Research topics

	 Cascaded voltage control
	 MPPT algorithm
	 PLL implementation
	 Vector current control
	 Grid voltage forming
	 Islanding detection / prevention 
	 Inertia emulation

Flexible configurations for a broad range of needs and budgets

Research topics

	 Modulation for DAB
	 PR control
	 Fictive axis emulation (FAE)
	 Battery charging strategy
	 BMS development
	 Transformer design

Work with a real transformer 
and real batteries !

Measure real power flows 
and evaluate efficiency !



KITS & BUNDLES

STARTER KIT
* HARDWARE + SOFTWARE

	 Desktop converter controller (B-Box Micro)
	 Control development tools for Simulink 

and PLECS (ACG SDK)
	 4x phase-leg modules (PEB8038)
	 4x voltage sensors

	OPTIONS 

	 Different power modules

POWER ELECTRONICS BUNDLE
* HARDWARE + SOFTWARE

	 Programmable controller (B-Box RCP)
	 Control development tools for Simulink 

and PLECS (ACG SDK)
	 6x phase-leg modules (PEB8038)
	 Passives filters box
	 Grid-side panel
	 6x voltage sensors
	 4x current sensors

	OPTIONS 

	 Phase-leg modules (PEB4050) for 110VAC 
operation

	 Fast-switching modules (PEB8024) for up 
to 200 kHz switching frequency

* All current prices are available on imperix.com

LITE KIT
* HARDWARE + SOFTWARE

	 Programmable controller (B-Box RCP)
	 Control development tools for Simulink 

and PLECS (ACG SDK)
	 6x phase-leg modules (PEB8038)
	 6x voltage sensors

	OPTIONS 

	 Different power inverter modules

MMC BUNDLE
* HARDWARE + SOFTWARE

	 3x Programmable controller (B-Box RCP)
	 Software tools for Simulink and PLECS
	 24x full bridge submodule (PEH2015)
	 6x inductors
	 Grid-side panel
	 4x voltage sensors
	 6x current sensors

	OPTIONS 

	 Phase- leg modules (PEB4050) for 
increased power

INVERTER KIT
* HARDWARE + SOFTWARE

	 Programmable inverter (TPI8032)
	 Control development tools for Simulink 

and PLECS (ACG SDK)
	 Bidirectional DC power supply (800V, 6kW)

	OPTIONS 

	 12kW or 18kW bidirectional DC power supply
	 Isolation transformer

MOTOR TESTBENCH
* HARDWARE + SOFTWARE

	 Programmable controller (B-Box RCP)
	 Software tools for Simulink and PLECS
	 Motor Interface for B-Box RCP
	 6x phase-leg modules (PEB8038)
	 DC source
	 Induction machine (Motor Testbench)
	 Synchronous machine (Motor Testbench)

	OPTIONS 

	 NPC modules (PEN8018) for three-level 
converters

Flexible configurations for a broad range of needs and budgets



ELECTRIC MOTOR DRIVE BUNDLE
A turnkey test bench for flexible motor control validation

B-BOX RCP CONTROLLERS

	▪ 16x analog inputs, 16x fiber optic 
outputs, 8/8x digital I/O, CAN

	▪ Hardware protections
	▪ 1 GHz dual-core processor
	▪ Up to 500 kHz sampling

MOTOR INTERFACE

	▪ 8x position sensor interfaces
	▪ 2x temperature sensor interfaces
	▪ 1x torque sensor interface
	▪ 1x 24V brake command

REVERSIBLE DC SOURCE

	▪ Up to 800V
	▪ Up to 25A

POWER CONVERTER(S)

	▪ Reconfigurable topology
	▪ 6x half-bridge power modules

INDUCTION MACHINE

	▪ Squirrel cage design
	▪ 4kW nominal power
	▪ 380V / 50Hz or 460V / 60Hz
	▪ 1x temperature sensor

SYNCHRONOUS MACHINE

	▪ Permanent magnet design
	▪ 4kW nominal power
	▪ 400V / 1800rpm
	▪ 1x temperature sensor
	▪ 1x resolver
	▪ 1x brake

With two coupled motors, it is often con-
venient to have one device under study, 
while the other one is controlled to emu-
late the environment (such as road, wind, 
and recover energy). 

Since the two machines are of different 
types, it may also be interesting to swap 
roles so that the changes brought to the 
control algorithms can be compared and 
evaluated.

In order to compare the mechanical and 
electrical quantities, the provided torque 
and speed sensors may be useful. This also 
applies when working on estimators or 
sensorless techniques.



MODULAR MULTILEVEL CONVERTER BUNDLE
A modular multilevel converter at the size of the laboratory

GRID CONNECTION PANEL

	▪ 1x 10A (type C) circuit breaker (3-phase)
	▪ 1x Controllable relay (3-phase)
	▪ 3x Precharge resistors (47ohm), with 
1x bypass relay

	▪ 2x Auxiliary solid-state relays
	▪ 1x VHDCI adapter and cable

B-BOX RCP CONTROLLERS

	▪ 16x analog inputs, 16x fiber optic 
outputs, 8/8x digital I/O, CAN

	▪ Hardware protections
	▪ 1 GHz dual-core processor
	▪ Up to 500 kHz sampling

POWER MODULES

	▪ Reconfigurable topology
	▪ 3x open chassis with 24x PEH2015

ARM INDUCTORS

	▪ 6x inductors (2.4mH, 20A)

ARM CURRENTS SENSORS

AC VOLTAGE SENSORS

PEH modules can be (re)configured either 
as half bridges or full bridges by a simple 
change of connections. This enables using 
the MMC bundle for direct AC/AC convert-
ers, or working on DC faults blocking. 

The same equipment can be used for pro-
totyping solid state transformers or other 
similar topologies based on cascaded H 
bridges. Multilevel STATCOMs are one of 
such examples.

Variants of the MMC bundle can be built 
upon request, such as using optical 
interfaces for a larger number of fibers, 
or involving PEB4050 modules for higher 
power ratings.



TPI8032 – POWER AND CONTROL COMBINED
The programmable inverter is an all-in-one system combining a 
22 kW DC/AC power stage and the same high-performance con-
troller as in the B-Box RCP in a compact chassis.

Thanks to the tight integration between the control and power 
stages, users benefit from a fully ready and easy-to-use solution 
for prototyping with grid-tie converters.

ALL-IN-ONE PROGRAMMABLE INVERTER
The reliable support for grid-connected converter testing

SIGNAL CONNECTIVITY

Digital and analog I/Os are avail-
able at the rear of the enclosure to 
extend the capabilities of the pro-
grammable inverter.

	▪ 8x GPOs
	▪ 8x GPIs
	▪ 4x Analog inputs
	▪ CAN communication
	▪ Electrical interlock

POWER CONNECTIVITY

A

C

B

0

Includes all the necessary 
equipment for the safe and 
seamless connection to the 
three-phase AC grid.

	▪ AC precharge circuit
	▪ 3x voltage sensors
	▪ 3x current sensors

EMC FILTERS

Reduces the electromagnetic inter-
ferences generated on the AC side of 
the converter.

MAIN INDUCTORS

The main inductors are 
essential to the current 
control.

	▪ 3x 1mH/32A

POWER MODULES

The inverter uses three half-bridges 
with a common DC bus.

	▪ Up to 800 VDC
	▪ Up to 32 A (RMS) at 50 kHz
	▪ SiC MOSFETs

EMBEDDED CONTROLLER

The B-Board PRO brings the exact 
same capabilities to the TPI8032 as 
on the B-Box family of controllers.

	▪ Fast control execution
	▪ Automated code generation
	▪ Offline simulation and tuning
	▪ User-editable FPGA area



READY FOR THE GRIDALL-IN-ONE PROGRAMMABLE INVERTER

LC AND EMC FILTERS

Thanks to a comprehensive filtering solu-
tion, the TPI8032 ensures excellent power 
quality, with sinusoidal output voltages 
and currents, compliant with the CISPR11 
EMC standard.

AC PRECHARGE CIRCUIT

The precharge of the DC bus can be fully 
automated. Furthermore, the relay control 
is implemented such that inadequate con-
nection and uncontrollable currents flows 
are prevented.

SOA PROTECTIONS

FPGA-based protections ensure that the 
safe operating area (SOA) is respected at 
all times, and safely block the power stage 
in case of hazardous behavior, including 
during fast transients.
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INTEGRATING DISTRIBUTED ENERGY RESOURCES 
INTO A SMART GRID

RESEARCH TOPIC EXAMPLES
	▪ Droop control
	▪ Virtual inertia
	▪ Low voltage ride-through
	▪ Anti-islanding
	▪ Frequency-watt control
	▪ Volt/VAR curves
	▪ Synchrophasor estimation
	▪ Virtual power plant
	▪ Decentralized control
	▪ Load shifting

APPLICATION EXAMPLES
The knowledge base gathers numerous technical articles as 
well as product-related documentation, which is available 
free of charge.

imperix.com/doc/
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