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Naturally aspirated engines found in today’s vehicles 
can be classified as highly volumetric efficient due 
to advancements in engine design and engine 
controls. Many of these advanced features have 
been appearing over the years. Examples are 
variable length intake runners, variable camshaft 
timing, cylinder head design and so on. The overall 
goal is to make the engine as volumetric efficient 
as possible across a wide operating engine RPM 
range. For review, volumetric efficiency (VE) is the 
measurement of the engine’s ability to pump its 
displacement. For example, say you have a two-
liter engine. If that engine were able to achieve 100 
percent VE it would be able to move two liters of 
air in and out of the engine while at a certain RPM. 
This RPM would also correlate with the point at 
which the engine produces the maximum amount 
of torque. Some modern, naturally aspirated engines 
can come close to 100 percent efficient, but it’s rare. 
An excellent engine design would offer a volumetric 
efficiency beginning at very low engine speeds, up 
to near redline. To make more torque, all one would 
need to do is build a bigger engine. 

Power to weight ratio
Vehicle efficiency is measured by looking at the 
energy required to move its mass. If the mass can 
be reduced and power increased, this is a win. This 
is one of the primary reasons turbochargers and 
superchargers are becoming more commonplace 
on today’s internal combustion engines. If an engine 
manufacturer can get the same performance out of 
a 2.3L engine that a 4.0L or more can produce, then 
this is a win. 

Turbochargers
Turbochargers use the hot, expanding gas exiting the 
exhaust port to spin a turbine within the turbocharger 
housing. This turbine wheel in turn drives a shaft with 
a similar turbine on the other side that is used to pull 
air into the inlet housing, compress it and send it out 
to the engine. Basically, the turbocharger is tasked 
with force-feeding the engine more air mass than 
it could otherwise ingest in a naturally aspirated 
environment. Oftentimes, a production engine and 
turbocharger design can result in an engine capable 
of doubling its air mass. This results in more power 
from less mechanical mass. When air is compressed, 
it builds heat. Hot air is less dense, which results 
in less power than what cooler, much denser air 
would produce. This is why we have heat exchangers 
(intercoolers) tasked with extracting heat from this 
newly compressed air. These heat exchangers are 
usually found up in front of the vehicle and could 
be above, below, or in front of the radiator. A series 
of special high-pressure hoses and tubing connect 

the cooler to the turbo and the throttle body. The 
air exiting the intercooler is usually measured for 
pressure and temperature so the PCM can assess the 
cylinder air charge, allowing for the proper fuel and 
spark timing commands. On the other side of the 
throttle body, (somewhere in the intake manifold) 
there will be another measurement device sampling 
pressure and temperature that the PCM will also 
factor in the above-mentioned commands. 

Modern turbocharger air flow production is PCM 
controlled. In addition to all the normal PCM 
controls found on naturally aspirated engines, 
the PCM is tasked with controlling the following 
additional items:

• Wastegate – used to control how much 
exhaust gas is used to drive the turbine 
controlling turbo speed. (Could be either 
electronically controlled pneumatic solenoids 
or a stepper motor device.)

• Bypass Valve – used to dump turbo pressure 
when the throttle plate is suddenly closed 
(usually a pneumatic solenoid device).

Superchargers
Superchargers work similarly to turbochargers by 
force-feeding the engine with air, but the energy 
to drive it comes from the crankshaft. The beauty 
of the supercharger is that the available pressure 
isn’t delayed as it is with a turbocharger waiting for 
the exhaust pressure to spin up the turbo to begin 
compressing air. Many of the same controls are used 
to manage airflow and pressure.

Sensors
As one would expect, when you supercharge/
turbocharge your engine design, the PCM will need 
a number of additional data inputs. As mentioned 
earlier, one of those inputs reflects the pressure and 
temperature of the air exiting the intercooler (TCB-A) 
as well as the pressure inside of the intake manifold 
(MAP). While we’re talking pressure, we need a 
sensor that can measure both negative and positive 
pressures. The positive pressures we typically see on 
turbocharged or supercharged applications may reach 
as high as approximately 200 kPa absolute (15 psi). 
Since we have two pressure sensors on the engine, 
they both should be within 9.2 kPa (2.72 in. Hg) of each 
other during a key on engine off (KOEO) evaluation. 
Most late model Ford Motor Company vehicles 
also have a barometric pressure sensor (BARO) 
mounted inside the ECM. This measurement is used 
to crosscheck TCB-A and MAP during initial vehicle 
power up events just before engine start. The BARO/
MAP readings should be within 6.86 kPa (2.03 in. Hg) 
of each other KOEO, and the TCB-A/BARO should be 
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within 7.25 kPa (2.14 in. Hg). It is essential that the PCM 
know the atmospheric pressure conditions at all times. 
All these inputs are necessary so that the PCM can 
provide the optimal fuel rate and spark advance at any 
given moment.

Controls
Back in the day of early turbochargers, boost control 
was a simple operation where a pneumatic air hose 
was connected between the supercharger outlet and 
the wastegate actuator. This actuator consisted of 
a spring-loaded wastegate diaphragm calibrated to 
begin opening at a specific positive pressure. When 
the boost pressure exceeded that calibrated point, 
the air pressure would overcome the spring pressure 
and begin to lift the wastegate actuator valve off 
its seat, reducing the exhaust pressure driving the 
turbocharger. On a pneumatic solenoid system, when 
the solenoid is off, it is free-flowing (open) and allows 
full outlet pressure to be applied to the wastegate 
actuator thus limiting overall boost to about 34 kPa 
(5.0 psi). When fully engergized, the solenoid will 
not pass any pressure to the wastegate, allowing for 
maximum pressure. Today, these systems require 
much more refined controls. Although some use the 
pressure-bleed system via a pneumatic solenoid, 
other vehicles utilize a vacuum pump supported by 
a reservoir system in order to operate the wastegate 
with more precise control. This is typically found 
in applications where turbocharger control is used 
during light loads to reduce the engine pumping 
losses. Later model systems are now using an 
H-Bridge stepper motor control for even more 
accuracy as shown in Figure 1. One can find a wealth 
of information on how these systems work in the 
Ford OBD Operational Summary documents found 
on the MotorcraftService.com website.

Calibrations
Internal to the ECM, you will find a number of 
new calibrations needed so that the system 
can understand the dynamics and control them 
accurately. Some of the typical calibration functions 
internal to the ECM include: 

• Intake manifold volume
• Intercooler volume
• Compressor efficiency map
• Bypass valve opening/closing time delay
• Pressure limits
• Airflow limits
• Expected throttle inlet pressure (TIP)

The Turbo Flow (grams/sec) table below, shows 
some of those calibration functions.

Turbo Flow (grams/sec)
RPM 22.7 34 45.4 52.9 64.3 75.6 90.7 105.8 151.2 211.7
80K 33.9 44 57.6 67.7 847 101.6 118.5 135.5 169.3 203.2
100K 47.4 61 84.7 101.6 135.5 152.4 135.5 169.3 196.4 220.1
110K 61 74.5 101.6 135.5 108.4 135.5 152.4 186.3 220.1 220.1
120K 67.7 94.8 128.7 152.4 152.4 152.4 169.3 186.3 220.1 220.1
130K 101.6 152.4 152.4 152.4 152.4 152.4 169.3 186.3 220.1 220.1
140K 152.4 152.4 152.4 152.4 152.4 152.4 169.3 186.3 220.1 220.1
150K 152.4 152.4 152.4 152.4 152.4 152.4 169.3 186.3 220.1 220.1
160K 152.4 152.4 152.4 152.4 152.4 152.4 169.3 186.3 220.1 220.1
170K 152.4 152.4 152.4 152.4 152.4 152.4 169.3 186.3 220.1 220.1
180K 152.4 152.4 152.4 152.4 152.4 152.4 169.3 186.3 220.1 220.1

Turbo Expected Throttle Inlet Pressure based on inferred airflow and turbo RPM 
(Y Axis = Turbo RPM)

Figure 1: Turbocharger H-Bridge Wastegate
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Desired Throttle Inlet Pressure (TIP) 0% DC
Airflow (grams/sec) Desired TIP (kPa)
0 0
38 1.5
76 4.4
113 6.8
151 8.7
189 10
227 10.8

Turbo Desired TIP @ Wastegate 0% Duty Cycle

Desired Throttle Inlet Pressure (TIP) 100% DC
Airflow (grams/sec) Desired TIP (kPa)
0 203.2
7.6 203.2
15.1 203.2
22.7 203.2
32.1 203.2
37.8 203.2
75.6 203.2
102.1 203.2

Turbo Desired TIP @ Wastegate 100%  
Duty Cycle

Engine Speed vs. Turbo Air Charge Temp  
(grams/sec)
ACT -6.7 C 25 C 37.8 C 65.6 C
500 294 250 243 216
1000 294 250 243 216
2000 294 250 243 216
3000 313 101 263 234
4000 349 136 294 261
5000 346 152 288 251
6000 344 136 287 248
6500 371 169 316 277
7000 371 196 316 277

Turbo Airflow Limit in grams/sec

Turbocharger control
Maintaining tight control over the turbocharger 
is essential for driveability and emissions/fuel 
economy. The PCM’s boost control system 
calculates the amount of desired boost at any 
given conditions and achieves the desired amount 
through its wastegate controls as mentioned earlier. 
Cylinder air charge control is regulated by use of 
the throttle plate so that the engine is receiving 
the right amount of air. Figure 2 demonstrates how 
the throttle plate is manipulated during a WOT 
acceleration. The Accelerator Pedal Position (APP) 
remains at 100 percent in the period shown in the 
datalog. Looking at the cursor and the second and 

Figure 2: Throttle Control for Air Charge
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third row of data, you can watch the PCM take the 
throttle from 100 percent down to approximately 50 
percent, and see the effect it had on MAP and the 
throttle inlet pressure (TIP) desired vs. actual. 

Another condition the PCM needs to handle is 
compressor surge. This occurs when the throttle is 
rapidly closed while the system is in boost pressure 
mode, which in turn can cause excessive loads 
against the compressor turbine. The PCM controls 
this through the use of a bypass solenoid (Figure 3)  
by recycling the pressure from the turbocharger 
outlet back to the compressor inlet. 

Throttle control
Vehicles today use “throttle by wire” systems. These 
systems typically include a throttle pedal assembly 
containing an APP sensor. The APP sensor has two 
potentiometers with two different positive slopes. 
The APP assembly will have a total of six wires, two 
5V reference signals, two signal returns and two 
throttle pedal position signals. The throttle body 
(Figure 4) will usually have eight circuits where 
two are for the bi-directional throttle motor. The 
remaining wires support two potentiometers for 
the throttle position sensors. Both of these sensors, 
however, have opposite slopes — one increasing 
in voltage and the other decreasing. These two 
sensors also have their own 5V reference, signal 
returns and output signal circuits. As a diagnostic 
tip, when you have opposite slopes, the sum of the 
two outputs should always stay the same. So, if you 
were to measure the differential with a scope you 
should see a flat line somewhere between 0-5V 
and it shouldn’t change as you cycled the throttle 
from closed to open. If the signal blips, then you’ve 
discovered your problem. 

Digital Communication Sensors
Late model Ford vehicles are now using a serial data 
line (single wire) to communicate with the PCM. 
The data communication protocol is called Single 
Edge Nibble Transmission (SENT). This is a one-
way, point-to-point communication signal used to 
report sensor status to a controller such as the PCM. 
The official SAE Standard is J2716. In the future, 
you’ll likely see more sensors using this protocol. 
If you’re interested in what this signal looks like 
and how you can decode transmission data, you’ll 
want to check out PicoScope®. They have included 
a number of serial decoding tools within their 
application. Figure 5 shows a signal acquired from a 
2020 Ford Ranger. This protocol allows for multiple 
messages about the sensor to be transmitted to 
the controller. Most of your diagnostics are going to 
be carried out from within the scantool. However, 
the PicoScope application may prove to be a useful 
tool in ascertaining a higher level of knowledge and 
awareness of the overall sensor’s state of health.

Diagnostics
When addressing any turbocharger-related 
complaint, it’s always a good idea to perform a 
full vehicle scan so you can see if there are any 
other modules on the network reporting trouble 
that could be relevant to the task at hand. Figure 6 
shows the result of a system scan within FDRS from 
a 2020 Ford Ranger.

Figure 3: Turbocharger Bypass Valve Figure 4: Throttle Body
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If you’re in a situation where you have a no-code 
driveability complaint, you’ll want to leverage the 
power of the scan tool in order to look for clues that 
will help you establish operational conditions. With 
FDRS you’ll find a plethora of diagnostic aids that can 

help you test and rule out areas of suspicion. FDRS is 
a cloud-based tool, meaning that most of the tools 
and utilities needed will usually be the latest and 
greatest. Before you begin scanning with FDRS, it is 
recommended that you study the user settings page 

Figure 6: Full Scan – Ford FDRS

Figure 5: SENT TP Signal
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and set up the unit measurement system in the units 
you’re most comfortable with. See Figure 7.

Here are a few useful routines to look for in FDRS:
Fuel supply tests
As shown in Figure 8, this test will perform a pressure 
and timed leak down test of the low pressure in-tank 
fuel pump.

Direct injection tests can be performed through the 
engine running fuel pressure test as shown in Figure 9.

Fuel trim
Fuel trim is one of the most powerful feedback tools 
a technician 
should be 
leveraging 
today. Logging 
both short- and 
long-term fuel 
trim throughout 
various loads can 
be a very good 
indicator of how 
the system is 
doing in regard 
to predicting 
cylinder air 
charge and fuel 
delivery. If the 
LT+ST FT exceed 
15-25 percent, 
suspect an 
issue. Most fuel 

trim DTC’s won’t code until the sum exceeds +/-30 
percent or higher for most vehicles. 

Lambda 
Road testing the vehicle while monitoring 
commanded EQ Ratio vs Actual EQ Ratio can be 
an eye-opener. Preferably one may want to collect 
several parameters and record a road test so that 
the data can be reviewed back at the shop. FDRS 
can make this task quite daunting so you may 
want to take a look at your personal scan tool 
assets and see what they offer for recording. Figure 
10 is a data set recorded on a 2020 Ford Ranger 

Figure 8: Low Pressure Fuel Pump tests

Figure 9: Engine Running DI Fuel Pressure testFigure 7: User defined values
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indicative of a leak that occurs at a specific 
pressure between the turbo and the intake port. 
Look at the point where the throttle is released 
to see the system’s ability to dump the pressure.

4. DI Rail Pressure: Looking at row #5 you’ll Fuel 
Rail commanded vs. Actual. At the cursor we 
have 20.68 MPa commanded with 20.74 MPa 
(3,003 psi) actual. 

5. Fuel Trim: Continuing in row #5 we have LTFT 
and STFT. At the cursor we have +7 percent 
LTFT and -9.6 STFT which would leave us with 

with the 2.3L Turbo DI engine on a long road test. 
Looking at the time offered on the screen one can 
make several observations. Let’s walk through a 
few notable items:

1. Load: Cursor shows current measurements for 
that particular frame. You can see that this is a 
WOT event where APP = 100 percent, but the 
TP is being modulated. If you look at absolute 
load in row #2, you will see 199 percent being 
reported. What this means is that the engine 
is able to flow nearly twice the mass of air 
you can fit into the 2.3L of displacement this 
engine provides.

2. Equivalence Ratio: This is essentially lambda 
and if you look at the commanded vs actual 
in row #3, you’ll see that the ECM is over 
delivering fuel by 12.5 percent, as indicated by 
the EQ Err PID. Now don’t try looking for this PID 
on your scan tool because this particular PID is 
a custom math PID that this particular software 
application offers to the end user. 

3. Boost Pressure: Looking back at row #2, you’ll 
see TIP actual, TIP desired and MAP. These are 
doing a fairly good job of following each other. 
If you see slow pressure bleed off away from 
commanded, that could indicate a wastegate 
valve leak allowing the compressor to slow. If 
you see a rapid drop in pressure, that is more 

Figure 10: Multiple Data Parameters Data Log

Figure 11: Turbo-Boost Pressure test equipment
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Figure 12: Scan Data Record During Static Pressure testing

Figure 13: DTCs Set During Pressure testing
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CAUTION: VEHICLE SERVICING PERFORMED BY UNTRAINED PERSONS COULD RESULT 
IN SERIOUS INJURY TO THOSE PERSONS OR OTHERS. INFORMATION CONTAINED IN 
THIS PUBLICATION IS INTENDED FOR USE BY TRAINED, PROFESSIONAL AUTO REPAIR 
TECHNICIANS ONLY. THIS INFORMATION IS PROVIDED TO INFORM THESE TECHNICIANS OF 
CONDITIONS WHICH MAY OCCUR IN SOME VEHICLES OR TO PROVIDE INFORMATION WHICH 
COULD ASSIST THEM IN PROPER SERVICING OF THESE VEHICLES. PROPERLY TRAINED 
TECHNICIANS HAVE THE EQUIPMENT, TOOLS, SAFETY INSTRUCTIONS AND KNOW-HOW 
TO PERFORM REPAIRS CORRECTLY AND SAFELY. IF A CONDITION IS DESCRIBED, DO NOT 
ASSUME THAT A TOPIC COVERED IN THESE PAGES AUTOMATICALLY APPLIES TO YOUR 
VEHICLE OR THAT YOUR VEHICLE HAS THAT CONDITION.

Ford Tech Tips is a publication of Ford Motor 
Company. No part of this publication may 
be reproduced without the express written 
permission of Ford Motor Company.

Ford Tech Tips

Motorcraft® is a registered trademark of Ford Motor Company.
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approximately -2 percent total fuel trim, which 
is really good. 

6. Spark Advance: In row #3 you’ll see both spark 
advance and knock retard. Not a lot of spark 
advance is needed to light the mixture and 
obtain peak cylinder pressure at approximately 
12-15 degrees ATDC. Note how the knock retard 
system is responding properly.

Plumbing
With the additional intercoolers and plumbing 
comes the difficult task of leak testing. Since these 
systems run at high pressures, it may prove difficult 
to properly leak-test these systems without special 
tools. There are smoke machines available with 
high-pressure testing capability on the market 
designed for the one shown in Figure 11.

If you’re going to pressure test the system and 
want to compare the MAP and boost sensors, then 
connect the scantool and monitor those PIDS KOEO 
as shown in Figure 12. 

Please use caution when pressure testing, and wear 
proper PPE. Additionally, you will likely set DTCs 
when performing this test as per the PCM’s cross-
checking these values against each other and BARO. 
Also observe that the boost pressure data drops to 
zero when the fault occurs as shown in Figure 13.

(Note: Boost PID displayed starts at zero unlike the 
MAP sensor that starts at barometric pressure.)

Heat
Boosted applications generate a lot of heat 
and require additional considerations. Some 
manufacturers may perform additional thermal 
management routines after the vehicle is shut 
down by running electric water pumps to help cool 
the turbo/supercharger. If the battery system is 
insufficient, the system may come up short in this task. 

Filters
These systems move a lot of air and, if the air filter 
gets restricted, it can induce a lot of complications 
such as increased oil consumption, damage to the 
PCV system and more. A best practice to follow with 
these power adder systems is to be very diligent 
when it comes to maintenance services.

Conclusion
When it comes to boosted applications, there’s a lot 
more to look for when solving driveability complaints. 
Leveraging knowledge, diagnostic tools, and your 
investigative skills will, without a doubt, lead you 
down a path to success. Never stop learning. >
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