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Abstract— In today’s energy grid there are very few options to
handle the severe energy swings of renewable energy sources. A
Synchronverter is designed to allow an asynchronous energy
source like wind mills and solar panels to appear as a synchronous
energy sources. To this day, the designs have been analog with
large size and large assortment of components. This paper
proposes a digital design that matches the proposed analog
design’s output, while using common digital components in order
to lower cost and size. The primary focus for the digital design is
to use the most optimal mathematical block solutions for improved
performance. An FPGA is used as the base component while
implementing common FIR integrators. For the mathematical sine
and cosine functions, the CORDIC method is used due to its
efficient calculation of the sine and cosine functions. Using scaling
and 8-bit multiplication blocks, the data integrity can be
maintained, while the keeping scale to a minimum. Overall this
paper provides a digital synchronverter solution that is optimal
for small FPGA use, translating to small dedicated chips, with
peak performance.

with an asynchronous source. This device is self-titled
Synchronverter and makes an asynchronous system appear
synchronous [1]. Thus, with the proper controller and
refinement of system feedback loops, this new component
could become a self-synchronous device and easily controlled
by an external source [2-4]. With many years of investment in
this device, many more improvements were made and the
current synchronverter design has seen many newer
applications such as improved solar panel control and the
ability to emulate a HVDC transmission system [5-10]. Below
in Figure 1 is the current block diagram of the standard
synchronverter design [2]:

I. INTRODUCTION
In today’s world, we use terawatt-hours upon terawatt-hours
of electricity to power the digital and electrical age that we live
in. Humanity has developed many forms of energy conversion
to satisfy this ever-growing power consumption, including oil,
natural gas, coal, nuclear energy, as well as environmentally
friendly sources (solar, wind, water, and geothermal). With the
grid having grown large enough to supply thousands of
terawatts-hours per year, it has developed multiple major
issues. One significant one is the stability of the grid. The power
grid is notorious for having momentary power outages as well
as power surges, especially around power hungry areas like
large cities. The solution to this issue is to take all modern day’s
computational devices and combine them with our generators
and motors to create what is called a smart grid. This smart grid
will be able to allow devices to be plug-and-play, very like how
a USB device operates in today’s world, but reduce the amount
of power surges and droops seen throughout the grid.
The biggest hindrance to the idea of a smart grid is the fact
that we will need to utilize renewable energy sources. The
nature of these power sources is asynchronous. Their energy is
generally from a source that is not very consistent. Thus,
integrating it into a well-controlled smart grid is nigh
impossible in its current state. Thus, much research has been
put into a device that is able to simulate a synchronous output

Figure 1. Current Standard Synchronverter Block Diagram [2]

A synchronverter is a major design point to smart grid that
allows for this plug-and-play system. The idea of the
synchronverter came from the concept that renewable energy
was becoming a more readily available power source.
Synchronverters have been mathematically proven and tested
using basic analog components along with microcontroller
systems. The next major step in the future of the synchronverter
is to develop a cheaper, smaller, smarter, and more robust
version; to take the mathematical models and construct a digital
synchronverter that can either be implemented with a single
digital chip or implemented easily within a digital circuit.
The purpose of this paper is to determine if it is practical to
develop a single chip synchronverter solution using a FPGA.
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The focus is to develop the initial synchronous machine core.
This core is a complex piece of the current synchronverter
design and its size and performance will dictate the feasibility
of a single chip solution. Below in Figure 2 is the block
diagram of the core synchronous machine initially developed
along with the equations within this system:

generators. Looking at the design (seen in Figure 2) we see an
intricate system that allows for conversion between DC and AC
power. This system, paired with the power diagram seen in
Figure 3 below and a controller, allows this synchronous DCAC conversion.

Figure 3. Power Section of Synchronverter [2]

Figure 2. Synchronverter Design in Control System Format, with
Equations 1-3 Referenced Below [1]
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II. SYNCHRONVERTER DESIGN FLOW
There are many potential problems to consider when
converting the concept of a synchronverter into a digital design.
This includes:
1.

Understanding the system design to know the data you
expect out of it

2.

Implementing the individual functions described in
the block diagram (shown in Figure 2)

3.

Optimizing the system to be efficient, low cost, and
practical.

The basis of a synchronverter [1] is to allow for
synchronous DC-AC conversion. This is because many of the
power sources are units that either supply DC power like solar
panels, or systems that convert AC to DC power like wind
mills. Thus, a device needs to interpret the provided DC power
and supply it as AC power to the grid. The problem, however,
is that the DC power needs to be supplied at 60 Hz, and much
of the DC power is known to fluctuate due to inconsistency in
the power sources. Synchronverters are components that can
perform this interpretation and allow for many of the
asynchronous devices to appear as 60 Hz synchronous

The first major section of the design is the desired torque of
motor, Tm, and is provided by the controller. The motor torque
runs through an addition block that will subtract the current
torque of the generator, Te, and the torque calculated from the
damping of the inverter circuit, Dp. The torque of the generator
is determined by Equation 1 of the equation block. For the
damping block, Dp, the system takes the projected angular
velocity of the generator and multiplies it by the change in
torque required. Thus, it generates an internal loop that feeds
itself, basically providing a self-check system to determine if
the end goal has been achieved.
The torque difference is then passed through an integrator
with a magnitude gain of 1/J. The term J is determined by the
end user rather than the system. It is designed to be the amount
of energy gain the system needs to experience. The output of
the integrator is the angular speed, θ , the system needs to
achieve in order to produce the torque difference. This is then
supplied to the damping block, another integrator that produces
the angular position, θ, desired for the given speed, and fed to
the equation block for further analysis. The angular position is
the key comparison factor as it tells the system what angular
frequency position is needed to achieve the proper power into
the grid.
The first equation, referenced as Equation 1, determines the
torque generated by the current generator Te. This equation
uses: the angular position of the generator; the current of the
generator; the coil winding coil/current multiplier; and the
number of desired system poles. The input current from the
power section of the synchronverter is sent to the system via a
1x3 vector, meaning there are a total of three current values sent
to this block. This is because the power section needs three
lines, all offset by approximately 120 degrees. Thus, to get it
down to one value, the current needs to be multiplied by a 1x3
angular position vector that uses θ and adds 120 and 240
degrees to get the second and third value of the 1x3 vector, with
the angular position being the first. These positions then run
through a sine function to get the angular position vector in
radians. This resulting vector is then multiplied by the generator
current vector and provides one, single number to be multiplied
by the number of poles and winding coil/current multiplier.
Equation 2 and 3 produce the electromagnetic force, e, and the
complex power, Q, being generated by the real power and
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generator currently. The major difference between each of the
individual equations is the different parameters overall, even
though they use many of the same inputs. Equation 2 focuses
on just the angular position and angular speed with no current
reference or pole reference, when compared to Equation 1.
While Equation 3 removes the pole dependency and adds in the
angular velocity and changes the current and angular position
calculation to be based on the cosine of angular position, rather
than sine.
In the past, there has been only direct analog
implementation of a synchronverter. In recent years, however,
there has been much discussion on how to implement the
synchronverter in a single chip package. There are multiple
ways to implement this system in a pure digital approach. The
three-main implementations are: an embedded microcontroller,
a computer using a USB board to read and interpret all the data,
and lastly is an FPGA to simulating the direct analog
implementation. Ultimately, an FPGA digital design was
chosen due to its powerful computational system-on-chip (SoC)
capability, and ease of interfacing to a complex environment
such as power grid.
There are five main blocks within the system: an equation
block, two integrators, a dampener, and a summation block.
Designing each component for minimum size with best
performance will be critical. The first major component looked
at was the equation block due to its overall complexity and
consuming a large proportion of the overall size. Within this
block, the major focus was the sine/cosine function as it is a
major computational moment and is quite large with it handling
a 1x3 vector. There are two methods that are most commonly
done to implement sine/cosine: look-up table or CORDIC
algorithm. When looking at the overall size of each depending
on the input sizes you get the following results in Table I:
TABLE I.

ends up being the desirable integrator size for both accuracy and
efficiency.

Figure 4. Size of Integrator vs Error Percentage of Results

The last major design piece is the dampener, summation,
and bus size of the system. All kind of correlate to one another
as they require uniform movement throughout the system. To
strike a balance for accuracy and efficiency, we use buses of
16-, 24-, and 32-bit. This allows for easy scaling and movement
from one block to the next. Figure 6 below shows the overall
system broken down into the buses per line:

SINE FUNCTION IMPLEMENTATION, SIZE COMPARISON

Look-Up Table
(LUTs Used)
CORDIC (LUTs Used)

4-bit

5-bit

8-bit

16-bit

8

15

127

32767

N/A

N/A

296

1021
Figure 5. Proposed Bus-Size for Synchronverter Design

Because the input of the equation block for theta is 24-bits,
this size comparison shows that three CORDIC blocks will save
space not only due to their ability to do both cosine and sine
together, but also because the number of LUTs is much lower
the larger the input bus width.
The next focal point was the integrators. Because they are
generally large memory blocks used to store past results, it was
a matter of balancing size versus the accuracy of the integration
itself. Below in Figure 4 we can see the error percentage versus
the size of the integrator itself and Equation 4 demonstrates the
integrator equation being used:
1

2

⋯

1

4

The results from Figure 4 show that as the size N increases
past 8-bits, we begin to see a major decrease of error to the
overall size of the integrators. Thus, it seems N greater than 28

III. SIMULATION RESULTS
When building the entire system, we see that the system is
moderately large and highly practical to be implemented in an
FPGA such as Spartan-3e by Xilinx. The system gave an LUT
usage of 5874 and 1479 slices. The primary focus of the system
resources was mostly from logic gates with 4142 used, which
makes sense due to the large amount of computations occurring
in this system. Overall, this system is quite small compared to
the average size of today’s FPGAs, the average FPGA uses
around 5000 logic gates and 2000 slicers, so this could be put
on quite small and affordable FPGAs of today. The major
hindrance, however, is the number of needed pins; the outputs
total to 128 pins and the inputs require 48pins. This can be
remedied by scaling the outputs to a more reasonable number
of outputs, aka scale a 32-bit bus down to 8-bit, but this would
require sacrificing overall resolution.
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The other major piece looked at was the timing analysis of
the overall system. Sure, it could be small enough to fit on
smaller FPGAs, but if it cannot produce the desired reaction
times, it is of no use overall. When running a static timing
analysis, we see that the system at its slowest will react when
any of the current, i, input pins are changed. The average time
seemed to be around 25 nanoseconds. This makes sense due to
the large vector computation that is needed. Comparing this to
the data provided on the analog synchronverter, we see this
system runs in the milliseconds range and thus this response
time is well within the range of the desired system.
IV. CONCLUSION
When taking the given simulation results into consideration,
the system is clearly fast enough to replicate the analog system.
Many of the analog systems of today run in the millisecond
range; the system designed can react as quick as 25
nanoseconds and would be able to stabilize in roughly 6.4
microseconds. This amount of reaction time allows for a very
stable yet reactive system.
The size of the design is small enough to fit onto smaller
Spartan-6 FPGA chips. The current design was using the
Spartan-3e chip and fit with ease with only using 36% of the
chips capable functions.
The next major step of this project is to run many iterations
of this design and work on overall usability, stability, and size.
Using more complex integrators and multipliers could help
decrease system size while improving overall system stability
and response time. Another potential area of focus would be to
absorb the synchronverter controller. This would allow for an
all-in-one solution and with the current size being quite
manageable, it is very possible. With enough iterations of these
two concepts it might even allow for stand-alone chip
variations, making wide spread adoption that much easier.
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