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Who am I

Pablo Trujillo

FPGA / SoC Designer at Power Electronics Spain

Author of controlpaths.com

I’ve been presenting my work at:
FPGA Horizons (London)
Embedded World (Nuremberg)
DEFCON33 (CS) (Las Vegas)
RootedCON (Madrid)
....



Real-time simulations

Simulated time is “equal” to our time

Time is discretized

Allow other devices integract with the simulation

Like MATRIX but only with inductors, capacitors,
transistors....

“1 μs” = 1 μs

https://es.piliapp.com/symbols/mu/
https://es.piliapp.com/symbols/mu/


Why nanosecond range?

We need to reach high-speed switching frequencies

High switching frequencies push up the harmonic frequencies → Smaller filters

New technologies like GaN allow us to reach those frequencies (>100 kHz → MHz)

Simulators must be able to simulate the behaviour of the hardware at least at

twice the switching frequency (Ideally >4x)

Frequency scaling is possible, but it requires different FW for test and production



How we will achieve it? 

Increasing the clock speed to make the solver faster

We need to use dedicated resources of the PL (DSP blocks)

In some cases, use slower clock speed for non-critical paths

Avoid the use of CLBs in the solver path using carry in/out

Use fast FPGAs



The DSP chain
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We need to avoid the use of

general purpose logic.

Prioritize the use of DSP58 carry

chains (PCIN and PCOUT paths).

Use the registers located within

the DSP58
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The direct-translation model
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Direct transtation from the electrical circuit into

the model.

Replaces the electrical components with their

mathematical model.

+
-

S1
vL vCiL iC

iLoad

+

-

+

-
L C

RL RC

+

-

vLoad
S1



The direct-translation model
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The direct-translation model
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direct_trans_model.v

/* inductor integrator gain */

assign voltage_diff_intl_2width = voltage_diff * period_inductor;

assign voltage_diff_intl = voltage_diff_intl_2width >>> model_decimal_width;

/* inductor integrator */

always @(posedge aclk)

  if (!resetn)

    inductor_current <= 0;

  elseif (clock_enable)

    inductor_current <= inductor_current + voltage_diff_intl;

We need to apply a gain to the integrator

Even it is a MACC operation, we depend on the

synthesizer to encapsulate it into a DSP block

This results in timing violations when the clock

speed increases

Also, for some circuits, we can find algebraic

loops that needs to be broken with registers

L7 X



The space-state model

Mathematical framework that models the behavior of a system, by

modeling the behavior of its internal states.

An state is every element able to store the configuration of the

system at every step.

It is represented using two equations:

The first one represent the evolution of the states

The second one represent the evolution of the output/s

x: Model states (inductor current, capacitor voltages)

u: Input of the system

y: Output of the system (Observed variables)



The space-state model

Since A, B, C and D are matrixes

We reduce the model to a matrix dot product 

→ True MACC operations

If the variable of interest are the states, C and D can

be 0.



The space-state model
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solver4.v

/* Stage 1: registered multiplication */

always @(posedge clk) begin

 /* A * x (16 products) */

 ax00 <= a00 * x0;

 ax01 <= a01 * x1;

...

/* Stage 2: registered addition */

 always @(posedge clk) begin

 x_next0 <= (ax00 + ax01 + ax02 + ax03 +

 bu0) >>> FRAC_WIDTH;

 x_next1 <= (ax10 + ax11 + ax12 + ax13 +  bu1) >>> pw_frac;                               

...

Based on matrix dot operations

Allow registers on every stage

Eliminate the depenency of the model shape

Fits perfect in DSP58 slices (also in previous

versions)

L7 X



Demo Setup

Main board

iWave Global IG-G57D
Versal AI Edge VE2302
1 x 4GB LPDDR4 (used for Linux and  the
embedded scope)
FMC+ socket
Host the model, the RTL controller and
the web-based simulation environment

DAC board

Analog Devices DAC
2 channels
16-bit resolution
Up to 33 Msps



Demo Setup - The model
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Demo Setup - The model
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Demo Setup - Obtaining the space-state equations

model.py

import numpy as np

import matplotlib.pyplot as plt

from lcapy import Circuit, s, j, omega, t, expr, Equation, symbol

from scipy import signal

from sympy import nsimplify

...

cct = Circuit(f"""

V1 1 0 {{u(t)}}; down

RL1 1 2; right=2, i=I_L,

LIdead 2 3; right=2,

W 2 0_2; up,

Cpar 0_2 0_3; right,

W 3 0_3; up,

RL2 3 0; down,

""")

cct.draw(autoground=True) 

L7 XLCAPY

Python package for symbolic linear circuit analysis,

systems, and signal-processing

Works with SPICE-like netlists

Return the discretized values of the elements of the

matrixes

Hayes M. 2022. Lcapy: symbolic linear circuit analysis with Python. PeerJ Computer Science 8:e875 

Spice
Netlist

Space-State
Matrix



Demo Setup - Obtaining the space-state equations



Demo Setup - Obtaining the space-state equations



Demo Setup - solver4.v

The solver4.v is a system solver for SISO (single
input/single output) models with up 4 states

Solves up to 4x4 dot matrix product

Performance:

4 clkcycles / step

solver4.v

/* stage 1: parallel multiply (25 products) */

always @(posedge clk) begin

  /* A * x (16 products) */

  ax00 <= a00 * x0;

  ax01 <= a01 * x1;

  ax02 <= a02 * x2;

  ax03 <= a03 * x3;

  ax10 <= a10 * x0;

...

 /* stage 2: accumulate and truncate back to fixed-point */

 always @(posedge clk) begin

  x_next0 <= (ax00 + ax01 + ax02 + ax03 + bu0) >>> pw_frac;

  x_next1 <= (ax10 + ax11 + ax12 + ax13 + bu1) >>> pw_frac;

  x_next2 <= (ax20 + ax21 + ax22 + ax23 + bu2) >>> pw_frac;

  x_next3 <= (ax30 + ax31 + ax32 + ax33 + bu3) >>> pw_frac;

  y   <= (cx0 + cx1 + cx2 + cx3 + du ) >>> pw_frac;

 end

L7 X



solver4.v

Demo Setup - solver4.v

The solver4.v is a system solver for SISO (single
input/single output) models with up 4 states

Solves up to 4x4 dot matrix product

Performance:

4 clkcycles / step
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L7 X
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Demo Setup - input_lut5.v

The input_lut5.v models the power-stage with ideal
semiconductors.

The output depends on the state of the switches, and
also on the sign of the output current (dead times)

input_lut5.v
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s2
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s4

i_sign

+vdc -vdc 0

out



Demo Setup

MODEL

dac_manager.v

NOC

CIPS

axis_scope.v

axi_sim_control.v

LPDDR4AXI Stream
AXI4 Lite
Logic

VE2302

IG-G57D

fclk = 250 MHz
ts = 40ns

DAC BOARD
QSPI



Demo Setup



Response



Limitations of my design

40x40 bits operations does not fit into a single DSP58 (27x24 + 58)

P&R divide the operations into 4 partial products → generate 80 bits result

PCIN/PCOUT are 58 bits width

The carry logic path uses LUT6 → Slow paths

With all of these limitations, the design works at 250MHz, @20ns



Future work

Implement a floating-point solver (DSPFP32)

Add inductor saturation effect with inductance function stored on BRAM

Continue increasing the speed by using AIE-ML

Increase the size of the solver to include bigger lumped-element models

...



Thank you

Pablo Trujillo

pablo@controlpaths.com
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