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• Elan NP01 Mazda 2.3l AEM ECU 240hp 1700lb 
w/driver (Richard Gray) 1.75 G’s 150 mph max  
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Intro Description of Elan NP01:  Just like your car, but simpler.  
No power steering, no power brakes, no air conditioning, no ABS, no traction control, no automatic transmission, no power windows, no door locks, no air bags, no sound dampening, no bumpers, no Onstar, no smog devices, no OBD, no Infotainment, no baby seats, no trunk.  You'd think that for $70,000 you'd get more.
But what it does have is the power to weight ratio of a Corvette, the aerodynamics of an airplane, tires that stick like glue, and a design that will allow it to lap within 95% of the ultimate lap record at most local race tracks. 
 



ECUs for Race Cars 
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In car race video intro
Willow Springs Raceway.  NASA 3 Hour Enduro.




WHAT IS AN ECU? 

• Engine Control Unit 
• A COMPUTER SYSTEM THAT RECEIVES DRIVER 

INPUT, 
•  AND MEASURES THE STATE OF THE ENGINE,  
• AND SENDS APPROPRIATE SIGNALS TO THE 

ENGINE CONTROLS 
• TO IMPLEMENT THE DRIVER’S COMMANDS 
• (THROTTLE, FUEL MAP, ANTI-SLIP, ETC.) 
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3.	What is an ECU
Engine Control Unit  The computer that monitors the state of the engine, driver,  and environment and sends signals to the controlling inputs of the engine to obtain desired performance. Can be described by servo control algorithms with a mix of open and closed loop feedback 
History  Electronic ignition to multi CPU
Kettering 1910 Cadillac spark plug, points, capacitor, coil ignition
Lucas transistor control 1962 Formula 1 cars,  1963 Delco Corvette
Clean Air Act of 1981 all cars went digital  OBD On Board Diagnostics




AEM ECU – INFINITY MODEL 516 
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4.	The AEM EU manufactured in Torrance.  Purpose built for race cars. Necessary since factory ECU's are sealed.   Not smog legal….  $1,500
Multi pin main connector.  Data in and out USB.  Current manufacturers  race car ECU
Some external sensors,  Crank position, Throttle position, Air pressure, Air temperature, Cam position, Oil pressure
Current manufacturers of race car ECU's:  Motec, Haltech, AEM, Megasquirt
 




INSTALLATION IN ELAN RACE CAR 
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5.	Installation in car.  Mounted on firewall as far away as possible from heat sources.  Sealed I/O connectors.  Complex wiring harness




ECU Design Parameters 

• Automotive Environment :  Heat, Vibration, 
Moisture, Oil, Voltage, EMI 

• Signal Speed:  10,000 RPM = millisecond cycle 
time with microsecond response 

• Multiple In – Multiple Out 
• Mixed Signal I/O 
• Real Time Processing 
• Cost 
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6.	ECU Design Parameters.  
Automotive Environment :  Heat  (-40 - + 125 C), Vibration, Moisture, Oil, Voltage, EMI
Signal Speed:  10,000 RPM = > V8 with one crank degree accuracy is 4 microseconds.  millisecond cycle time with microsecond response
Multiple In – Multiple Out
Mixed Signal I/O  (analog, digital, 5 volt and 12 volt)
Real Time Processing
Cost
Ease of use,   Programmable




GUTS OF ECU – NXP  CHIP 

32 BIT  80 Mhz 80 GPIO  AD/DA  CAN  FLASH   SYSTEM ON CHIP 
1181 PAGE REFERENCE MANUAL  4 CYLINDER VERSION 
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7. 	NXP CHIP
https://www.nxp.com/products/processors-and-microcontrollers/power-architecture-processors/mpc5xxx-55xx-32-bit-mcus/ultra-reliable-mpc56xx-32-bit-automotive-and-industrial-microcontrollers-mcus/ultra-reliable-mpc563xm-for-automotive-industrial-engine-management:MPC563xM
 
80 Mhz 32 bit,  80 GPIO pins, AD/DA, CAN UART bus. Flash, System On Chip
 
Data sheet 126 pages, Reference Manual 1181 pages, Wow  Program team time  ARM RISC Hundreds of  Ha.  vs. DEC PDP8




ECU SIGNALS – I/O 

• Data – CAN UART  
• Driver – High - Low side   P vs N  SiC MOSFET 
• Digital: 
• Analog:  Sensor current or voltage  
• AD levels and bits and speeds 
• Protections:  Short, over voltage, EMI 
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8.	ECU SIGNALS I/O  TYPES LIMITS
 
Data – CAN UART 
Driver – High - Low side   P vs N  SiC MOSFET
Digital:
Analog:  Sensor current or voltage 
AD levels and bits and speeds
Protections:  Short, over voltage, EMI




ECU INPUTS  

• Driver:                                                                
Throttle Gear Brake Steering Settings 

• Engine:                                                    
Temperatures Pressures RPM Positions 

• Chassis:                                                      
Pressures Positions RPMs  GPS 
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9.	ECU INPUTS
 
Driver:     Throttle Gear Brake Steering Settings (tuning, pit, rev limit, fuel maps)
Engine:   Temperatures Pressures RPM Positions
Chassis:  Pressures (tire, ) Positions (suspension, ) RPMs (wheel for traction control),  GPS 




ECU OUTPUTS 

• Engine:  Triggers & Data                            
Ignition, Throttle, Fuel Injection, Fans, 
Pumps  

• Driver: Data                                                      
Dash Display, Data Logs 
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10.	ECU OUTPUTS
 
Engine:  Triggers & Data      Ignition, Throttle, Fuel Injection, Cams,  Fans, Pumps 
Driver: Data                         Dash Display, Data Logs




 
N vs P Channel MOSFET 

High Side vs Low Side Drivers 
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11.	N vs P Channel MOSFET�High Side vs Low Side Drivers
 
SiC MOSFET are the drivers of choice because of the temperature limits of automotive environment.  
N channel inherently better conduction, but P channel are available.  
Drive requirements of coils 10 amp pulses 12 VDC 




POWER VS AIR-FUEL RATIO 

 2 C8H18 + 25 O2 = 16 CO2 + 18 H2O + energy  46.7 MJ/kg 
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12.	POWER VS AIR FUEL RATIO
This is the goal:   power
The ECU must optimize the engine performance for racing. 
Peak power is on the slightly rich side of the curve.
The combustion process for gasoline requires a certain oxygen.  If there is an exact amount of oxygen to combine with each atom of the gasoline molecule during combustion is called stoichiometric. 
 
Say that gasoline is pure octane: C8H18 combining with oxygen O2 to give H20 and CO2.
The stoichiometric calculation.
 
2 C8H18 + 25 O2 = 16 CO2 + 18 H2O + energy  46.7 MJ/kg
 
Air is approximately 21% oxygen - O2.  The balance is mostly Nitrogen - N2 - 78%, Argon - Ar 1%, Carbon dioxide - CO2 .04%
4.7518*0.21=0.9979
 
So for each mole of oxygen needed there needs to be 100/21=4.7619   moles of air.
8*12 + 18*1=114  grams of octane / mole
.78*2*14 + .21*2*16 +.01 * 40=28.96 grams of air / mole
28.95/0.21=137.8571  grams of air per mole of O2
 
(2*114)/(25*137.8571)=0.0662  grams of fuel / grams of air
1/.0662=15.1057
 
  The Stoichiometric ratio of air/fuel.  Variable depending on gasoline composition.
   The standard is 14.7.  So there must be additives like nonane, heptane and ethanol change the molecular weight.
 
All of the IO signals are used in real time.  The spark, fuel and air must be combined in precise amounts and times.
We'll go through the programming process that allows the ECU to do its job.




CONTROL  
• What is Control?  Providing signals to engine to 

obtain desired performance. 
• Optimization target (power) is found on dyno 
• Servo control theory requires some closed loop 

feedback   (O2 sensor for Air/Fuel ratio) 
• Dynamic adaptation allowed by new powerful 

chips  
• Stability in AEM is from bounded adaption  
• Primary design parameter is volumetric 

efficiency at each throttle position or manifold 
pressure vs rpm  
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13.	CONTROL  (as in Engine Control Unit)
 
What is Control?  Providing signals to engine to obtain desired performance.
Optimization target (power) is found on dyno
Servo control theory requires some closed loop feedback   (O2 sensor for Air/Fuel ratio)
Dynamic adaptation allowed by new powerful chips 
Stability in AEM is from bounded adaption 
Primary design parameter is volumetric efficiency at each throttle position or manifold pressure vs rpm 
What is VE?  
The cylinder will fill to a percentage of swept displacement.  This filling percentage is the Volumetric Efficiency.  A 500 cc cylinder that intakes 500 cc of fuel/air mixture has a VE of 100. 
At idle this might be 5%. A good Normally Aspirated tuned racing engine might have a VE of 120%.  A turbo engine might be 400%.
So the expected VE will tell the ECU what amount of air to expect for various engine states.  Thus allowing computation of fuel and spark.




BASIC PROGRAM OF ECU 

• u(t) = kp e(t) +ki ∫t0 e(τ)dτ+ kd de/dt 
• PROPORTIONAL  INTEGRAL  DERIVATIVE 

DRIVER
INPUT INPUT

ENGINE SENSORCOMPARE STATE
W/ TARGET

CALCULATE
CORRECTION
APPLY LOOP

YES

START

LOOP

ENGINE

NO

LOOP
ERROR
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14.	BASIC PROGRAM OF ECU
The ECU is programmed with a target state.  For any given state of the engine inputs, RPM, throttle, etc the ECU will expect that the VE (or other design parameters) will be as specified in the ECU memory (look up table).  The ECU will compare the feedback sensor data (O2 which can calculate air fuel ratio which can calculate VE) with the target.  
If everything is nominal, then keep keeping on loop
If there is an error, then calculate a correction and apply.
The AEM ECU uses a PID Proportional, Integral, Derivative  correction algorithm. With maximum correction bounded to preserve stability.  What is PID?    Make correction proportional to current error, plus proportional to all previous errors, plus the proportional to the difference between current error and the previous error.  This allows for instantaneous corrections and longer time line correction.
 
u(t) = kp e(t) +ki ∫t0 e(τ)dτ+ kd de/dt




DYNO TUNING (DYNAPACK) 

• HUB DYNO REAL TIME EDITING OF ECU TABLES 
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15.	DYNO TUNING
Hub dyno Real Time Editing of ECU Tables.
What is a Dyno?   What is a Hub Dyno?
Tuner Ben in action.  Laptop connected to ECU.  Editing target tables in ECU memory based on data from dyno.
Dyno output data: Horsepower and Torque vs RPM




DYNO CURVE 

• TORQUE                                 HORSEPOWER 
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16.	DYNO CURVE
Torque and Horsepower vs RPM.
Note resonance and anti-resonance 




TARGET LOOKUP TABLE  

• IGNITION TIMING FOR MASS AIR FLOW VS RPM 
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17.	TARGET LOOKUP TABLE
Ignition Timing for Mass Air Flow vs RPM
Dyno runs are repeated for various settings of Ignition Timing to get optimal performance.
Then other parameters like VE, Fuel Injector Timing, Cam Timing, are optimized.
Interactive job by tuner to cycle through the various tables until optimal performance is obtained.




VOLUMETRIC EFFICIENCY TABLE 

• VS RPMVE IS THEORETICAL PERCENT OF CYLINDER FILLING 
• 0 AT CLOSED THROTTLE TO 300+ W/TURBO 
• VE FOR MANIFOLD PRESSURE  
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18.	VOLUMETRIC EFFICIENCY TABLE
 
VS RPMVE IS THEORETICAL PERCENT OF CYLINDER FILLING
0 AT CLOSED THROTTLE TO 300+ W/TURBO
VE FOR MANIFOLD PRESSURE 




ECU FUTURE 

• End of era for internal combustion engine 
• Electric motor control is already here 
• EEG  to ECU   brain activity precedes motor 

activity.  Faster reaction time 
• Avatar racing. 
• Autonomous race cars – VR racing 
• More distributed processors. IOT for each 

component of car. 
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19.	ECU FUTURE
 
End of era for internal combustion engine
Electric motor control is already here
EEG  to ECU   brain activity precedes motor activity.  Faster reaction time
Avatar racing.
Autonomous race cars – VR racing
More distributed processors. IOT for each component of car.




ECUs for Race Cars 

THANK’S FOR YOUR INTEREST,  AND THANK YOU IEEE FOR THIS FORUM 
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20.	ECUs FOR RACE CARS
 
THANK YOU.  Audience, IEEE and LaRiena High
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