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Abstract

Commercial vehicles require continual improvements 
in order to meet fuel emission standards, improve 
diesel aftertreatment system performance and 

optimize vehicle fuel economy. Aftertreatment systems, used 
to remove engine NOx, are temperature dependent. Variable 
valve actuation in the form of cylinder deactivation (CDA) 
has been shown to manage exhaust temperatures to the after-
treatment system during low load operation (i.e., under 
3-4 bar BMEP). During cylinder deactivation mode, a diesel 
engine can have higher vibration levels when compared to 
normal six cylinder operation. The viability of CDA needs to 
be implemented in a way to manage noise, vibration and 
harshness (NVH) within acceptable ranges for today’s 
commercial vehicles and drivelines. A heavy duty diesel 
engine (inline 6 cylinder) was instrumented to collect 

vibration data in a dynamometer test cell. Three degrees of 
linear vibration and one degree of rotational vibration were 
measured using accelerometers and rotational speed sensors. 
Historical data analysis showed that the remaining two rota-
tional degrees of freedom were insignificant when considering 
driveline vibration. The engine was tested using a combination 
of deactivating two, three and four cylinders (of the six) up to 
engine loads of approximately 4 bar BMEP in order to quantify 
system vibration and resonance frequencies. These results 
were compared to driveline NVH standards to determine the 
modes of operation that were acceptable over the engine speed 
and load operating range. A variable CDA implantation 
strategy for operating the engine over transient engine opera-
tion is recommended for this dynamometer operation. 
Additionally, a theory is provided for operating cylinder deac-
tivation in a commercial diesel vehicle.

Introduction

There are increasing pressures to improve exhaust emis-
sions and fuel economy for commercial vehicles, agri-
cultural equipment and passenger cars. This paper 

focuses on diesel technology applied to the heavy duty market 
while the results are applicable to the medium duty market.

Passenger car emissions in the United States have been 
mandated to improve both fuel economy and CO2 reductions. 
The mandates have increased the average fuel economy for 
passenger car and light trucks from 27.5 miles per gallon equiva-
lent (mpge) in 2008 to 35.5 mpge in 2016 [1]. The Environmental 
Protection Agency (EPA) and the National Highway 
Transportation and Safety Administration extended the 
improvement of fuel economy and greenhouse gases for 
passenger vehicle models in 2017 through 2025 [2]. These actions 
move the average required fleet wide fuel economy in 2025 in 
the range of 55.3 to 56.2 mpge for passenger cars, and 39.3 to 
40.3 mpge for light trucks, resulting in a combined 48.7 to 49.7 
mpge [2]. Variable valve actuation (VVA) including variable 
valve lift and early intake valve closing can be used in improve 
fuel economy on the order of 3-4% [3, 4, 5]. Cylinder deactivation 

(CDA) is another type of VVA that has shown fuel economy 
improvement ranging from 2-12% [6, 7, 8, 9, 10, 11, 12, 13, 14] 
while typical gains are on the order of 5-6% [15, 16, 17, 18, 19].

There is a growing demand for improved fuel economy 
while reducing tailpipe emissions which is driving development 
of new engine and aftertreatment technologies. Aftertreatment 
systems are efficient for removing NOx as the exhaust and 
catalyst temperatures reach 250 °C while these systems are less 
efficient at lower temperatures. Exhaust thermal management 
is a key technology area for improving aftertreatment NOx effi-
ciency while maintaining or improving engine fuel economy at 
the same time. One VVA method to increase aftertreatment 
temperature is to use early exhaust valve opening (EEVO). 
EEVO test results on a medium duty diesel engine showed an 
increase in exhaust temperature on the order of 30 to 80 °C with 
an associated fuel consumption increase of 15 to 23% [20, 21].

Cylinder deactivation is another VVA means to increase 
exhaust temperature at low load operation while improving 
fuel economy at the same time. Medium duty diesel results 
showed that CDA can be used to increase exhaust temperature 
by 100 °C while reducing fuel consumption at unloaded and 
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lightly loaded engine conditions [22, 23] depending on engine 
calibration. Additionally, VVA functions can be applied to 
the firing cylinders while other cylinders remain deactivated 
to yield even higher exhaust temperatures [24]. These VVA 
functions include variable valve lift, early intake valve closing, 
late intake valve closing and internal EGR. Later work showed 
that reactivating the cylinders remains first fire ready for 
accurate combustion supporting operating an engine in CDA 
mode for up to 20 minutes [25]. The torque requirements for 
vehicle acceleration starting in CDA mode and transitioning 
to normal six cylinder operation are met for starting in half 
engine CDA [26] along with one-third and two-thirds engine 
CDA [27]. Finally, exhaust temperatures have been shown to 
increase to active Diesel Particulate Filter (DPF) regeneration 
temperatures above 550 °C utilizing CDA at road-load cruise 
conditions without fuel dosing in the tailpipe [28].

One source of premature driveline component failures 
can be attributed to driveline torsional vibration problems. 
Driveline torsional vibration problems are also often a source 
of customer noise and vibration complaints in class 8 vehicles 
[29]. Driveline components have a resonance frequency that 
may align with the engine firing frequency at a point during 
the drive cycle as the engine speed changes. When the engine 
firing frequency aligns with a driveline resonance, the vibra-
tion levels increase to a level that may damage driveline 
components. Vehicles using cylinder deactivation have a 
higher level of ignition force resulting in higher torque varia-
tion. This higher torque variation with engines using cylinder 
deactivation can cause unacceptable levels of noise and vibra-
tion performance [30]. Thus, engine vibration needs to be 
managed while in CDA mode. Active engine mounts using 
open and closed loop controls have been investigated as a 
solution to manage noise and vibration performance for 
engines using cylinder deactivation (Shin, 2007) [31]. This 
paper focuses on engine vibration of an inline, six cylinder, 
heavy duty diesel engine for CDA at low load. The benefits of 
operating CDA were quantified in terms of exhaust tempera-
ture increase, fuel consumption, and friction from idle speeds 
of 800  rpm up to high speed conditions of 2100  rpm in 
previous works [32]. This work recommended operating half 
engine CDA below 3-4 bar BMEP over all engine speeds.

Background
The four stroke, inline six cylinder diesel engine is commonly 
used in medium and heavy duty commercial vehicles. The 
engine used in this study has four valves per cylinder; each 
cylinder has a pair of intake valves and a pair of exhaust valves. 
Valve pairs are each connected to a common rocker arm and 
connecting bridge. The crankshaft contains six independent 
journals arranged in such a way as to produce a 1-5-3-6-2-4 
firing order with combustion events occurring at 120° crank 
rotation intervals.

The firing frequency (Hz) can be calculated from the 
engine speed (rpm), by dividing the rpm by 60 since there are 
60 rpm = 1 revolution per second, or 1 Hz. Thus, the firing 
frequency changes proportionally as the engine speed changes. 
Due to the design of the engine, each cylinder is fired only 

once every two crank revolutions. This allows the calculation 
of the engine firing order based on the number of cylinders 
that are firing. Each cylinder firing once per two crank revolu-
tions means that half of the cylinders are fired during one 
crank revolution. Therefore, for a 6 cylinder engine, the 
dominant order of vibration is 3rd order, and for an 8 cylinder 
engine, the dominant order of vibration is 4th order, and so on.

A six cylinder engine with appropriate CDA hardware 
can be operated with zero to six cylinders active. Different 
active cylinder counts may be advantageous depending on 
the engine operating state. Half engine CDA with three active 
cylinders has been shown to offer reduced fuel consumption 
and increased exhaust gas temperature at low engine loads 
and speeds [23, 24, 25, 26, 27]. Half engine CDA with even 
firing interval can be implemented on inline six cylinder diesel 
engines using two different schemas.

Figure 1a shows half engine operation with the front half 
of the engine inactive. Valves at cylinders 1, 2, and 3 remain 
stationary, and fuel injection only occurs in cylinders 4, 5, 
and 6. Combustion events occur in cylinders 4, 5, and 6 at 
240° crank rotation intervals. Figure 1b shows half engine 
operation with the rear half of the engine inactive. Valves at 
cylinders 4, 5, and 6 remain stationary, and fuel injection only 
occurs in cylinders 1, 2, and 3. Combustion events occur in 
cylinders 1, 2, and 3 at 240° crank rotation intervals. During 
3 cylinders firing (CF), the dominant order of torsional vibra-
tion is 1.5th order (half of the number of active cylinders). The 
engine firing frequency can be calculated by using equation 1.

 f rpm Oe d= * *1

60

min

sec
 (1)

Where Od is the dominant order and fe is the engine firing 
frequency. Therefore, at the limits of the speed range 600 and 

 FIGURE 1  Half engine CDA for inline six cylinder engine 
with (a) front half deactivated and (b) rear half deactivated.
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1500 rpm the engine firing frequency limits in 3 CF mode are 
15 and 37.5 Hz respectively.

Figure 2 shows four cylinders firing (CF) or two cylinder 
deactivated (CDA) with three variants. Figure 2a shows the 
middle cylinders (cylinder 3 and 4) deactivated while the other 
cylinders provide engine power (cylinders 1, 2, 5, and 6). 
Figure 2b shows the outside cylinders deactivated (cylinders 
1 and 6) while the middle cylinders provide engine power 
(cylinder 2, 3, 4 and 5). Figure 2c shows cylinders 2 and 5 
deactivated while the other cylinders provide engine power 
(cylinder 1, 3, 4 and 6). During 4 CF mode, theoretically due 
to the engine firing frequency, the dominant order of torsional 
vibration is 2nd order. Using equation 1, the engine firing 
frequency limits based on the engine speed range of 600 to 
1500 rpm are 20 to 30 Hz respectively.

Figure 3 shows two CF or four CDA with three variants. 
Figure 3a shows the middle cylinders (cylinders 2, 3, 4 and 5) 
deactivated while the other cylinders provide engine power 
(cylinders 1 and 6). Figure 3b shows the outside cylinders deac-
tivated (cylinders 1, 2, 5 and 6) while the middle cylinders provide 
engine power (cylinder 3 and 4). Figure 3c shows cylinders 2 and 

5 providing engine power while the other cylinders are deacti-
vated (cylinder 1, 3, 4 and 6). With 2 CF the dominant order of 
torsional vibration is 1st order. Using equation 1, calculating the 
engine firing frequency for the 600 to 1500 rpm speed range, 
results in the engine firing frequency range of 10-25 Hz.

The various methods of CDA are characterized from a 
vibrational perspective as to the vibrations transferred to the 
clutch of the transmission. All results in this paper were 
measured in a dynamometer test cell without a clutch or 

 FIGURE 2  Four cylinders firing for inline six cylinder engine 
with (a) middle deactivated (b) outside deactivated and (c) 
cylinders 2 and 5 deactivated.

©
 S

A
E 

In
te

rn
at

io
na

l
 FIGURE 3  Two cylinders firing for inline six cylinder engine 
with (a) middle deactivated (b) outside deactivated and  
(c) cylinders 2 and 5 firing.
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TABLE 1 Engine firing frequency limits for the various CF 
modes based on equation 1.

Engine rpm 600 rpm 1500 rpm

Cylinder firing mode Lower firing 
frequency

Upper firing 
frequency

6 CF 30 75

4 CF 20 50

3 CF 15 37.5

2 CF 10 25©
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transmission while the learnings could apply to a future 
vehicle test. The baseline vibration for this work is all six cylin-
ders firing. Engine vibration is affected by cylinders firing as 
opposed to the cylinders deactivated. The results in this paper 
will refer to variants of two cylinders firing, three cylinders 
firing and four cylinders firing.

Engine Performance 
Results
The objective of this work is to determine the CDA variants 
that produce acceptable engine vibration in the areas where 
CDA is beneficial for aftertreatment temperature management 
and fuel consumption. These regions are generally below 3 bar 
brake mean effective pressure (BMEP). A variable CDA imple-
mentation strategy (recipe) for managing torsional vibration 
below 3 bar BMEP is presented using a combination of the 
CDA variants across the engine speed and load map. The 
benefit of half engine CDA on a heavy duty diesel engine in 
terms of increase in turbine outlet temperature and fuel 
consumption are shown in Figures 4 and 5.

Figure 4 shows a contour of the increase in turbine outlet 
temperature using half engine CDA over the baseline of all 
six cylinders firing. Engine speeds were spanned from idle to 
typical engine cruise speeds. Engine loads were spanned to 
include 3 bar BMEP. Half engine CDA offers an increase in 
turbine outlet temperature from 50 to 120 C operating up to 
3 bar BMEP. These increases in turbine outlet temperature 
can improve aftertreament NOx efficiency as these devices 
are temperature sensitive.

Figure 5 shows a contour of the fuel consumption 
improvement (i.e., percent fuel decrease) when using half 
engine CDA over the baseline of all six cylinders firing. 
Identical axes were used consistent with Figure 4. Half engine 
CDA offers the ability to improve fuel consumption by 20% 

at the lowest loads while there is a fuel consumption benefit 
up to 3 bar BMEP.

NVH Methods
Three tri-axial accelerometers were used to measure linear 
vibration. The location for the three accelerometers were as 
follows: on top of the valve cover at the front, on top of the 
valve cover at the rear and near the front left engine mount. 
The linear axes in this study are described in the following 
manner: the Z axis is the fore-aft direction, the Y axis is in 
the vertical direction and the X axis is in the lateral direction. 
A torsional vibration measurement was taken at the flywheel 
using an encoder.

The linear vibration measurements are reported as an 
average over the speed range. The linear vibrations data will 
display linear acceleration in units of ‘g’. Two aspects of 
torsional vibration should be considered when determining 
if the torsional vibration may cause component failure, namely 
torsional angle of oscillation and the angular acceleration. 
High angular acceleration coupled with large angular oscil-
lations can cause torsional vibrations that may damage drive-
line components [29]. Order tracking is a method of measuring 
the influence of one order and excluding the others. The 
torsional vibration data was analyzed using order cuts of the 
dominant order corresponding to the number of cylinders 
firing as described in the introduction section. An exception 
is seen when four cylinders are firing; theoretically, when four 
cylinders are firing, the 2nd order vibration should be the 
dominant order. In this study, with four cylinders firing, first 
order was found to be the dominant order. The imbalance 
caused by four cylinders firing is first order, which dominated 
the 2nd order engine firing frequency. The torsional vibration 
measurements will be displayed in angular acceleration units 
of ‘rad/s2.’ Each reported CDA mode was tested in the 1st 
configuration of Figures 1, 2, and 3.

 FIGURE 4  Increase in turbine outlet temperature using half 
engine CDA over the six cylinder firing baseline on a heavy 
duty diesel engine.
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 FIGURE 5  Heavy duty diesel fuel consumption 
improvement using half engine CDA over the six cylinder firing 
baseline for operating conditions below 3 bar BMEP.
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NVH Results

Linear Vibration
The linear vibrations measured on the three points on the 
engine (top front, top rear and bottom front) are used to 
quantify the vibration levels that can be seen visually. These 
measurements were taken during a speed sweep from 600 rpm 
to 1500 rpm at 3.4 bar BMEP. Figure 7 shows linear vibration 
RMS measurements for 6, 4, 3, and 2 CF modes in the lateral 
(X), vertical (Y) and fore-aft (Z) direction for all three accel-
erometer locations (see Figure 6). Figure 7a, showing the top 
front accelerometer, 2 CF mode has the highest RMS accelera-
tion for all three directions. In the X direction, 6 CF has the 
lowest vibration level, while 4 CF mode is the lowest for the 
Y and Z directions. For the top rear accelerometer (closest to 
the flywheel), Figure 7b shows that 2 CF mode has the highest 
vibration level. Three CF mode is approximately equal to or 
lower than the 6 CF mode in the Y and Z directions, respec-
tively. In the lateral direction the vibration at the top rear 
location on the valve cover, 6 CF had the lowest vibration 
level. Similarly to the top front and top rear accelerometer 
locations, the 2 CF mode had the highest vibration levels in 
all three directions for the bottom front accelerometer 
location (see Figure 7c). At the bottom front location, both 
the 4 and 3 CF modes showed lower vibration levels than the 
baseline of 6 CF.

The results of the linear vibration showed that 2 CF mode 
was consistently higher in linear vibration level when 
compared to the other modes at all accelerometer locations. 
In some positions, the 6 CF mode had the lowest vibration 
level and in other accelerometer positions and directions, the 
4 and 3 CF mode had the lowest levels of vibration.

Torsional Vibration
The following results were obtained during a speed sweep 
from 600-1500 engine rpm at 2.92 bar BMEP. The torsional 
angle of oscillation changes as the engine speed changes. For 
6 CF mode, the torsional angle of oscillation decreases as the 
engine rpm increases (see Figure 8a). This similar trend can 
be seen in 4, 3 and 2 CF mode as well. In 4 and 2 CF mode 
(see Figure 8b and Figure 8c), there is a system resonance 

that is experienced as the engine speed sweeps at approxi-
mately 12 seconds. This causes an increase in the torsional 
angle of oscillation. After passing through this resonance at 
approximately 12 seconds, the vibration angle decreases as 
the engine speed increases. Operating in 3 CF mode  

 FIGURE 7  Linear vibration RMS measurements for various 
number of cylinder firing at 3.4 bar BMEP at (a) top front, (b) 
top rear and (c) bottom front.
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 FIGURE 6  Accelerometer axis directions indicated relative 
to front and rear of engine and cylinders 1-6.
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(see Figure 8d) the engine firing frequency at 600 rpm is just 
above the system resonance. At the beginning of the test cycle 
the torsional angle of oscillation is high, and decreases as the 
engine firing frequency moves away from the resonance 
frequency of the system.

The dominant order cuts of the angular acceleration 
based on the engine firing frequency are shown in Figure 9. 
The angular acceleration displayed versus engine speed 
shows there is a steady decrease in angular acceleration as 
the engine speed increases for 6 CF mode. For the 2 and 4 
CF mode, the engine firing frequency starts below the 
system resonance and approaches the resonance where the 
angular acceleration increases. After passing the system 

resonance frequency, the angular acceleration decreases. In 
3 CF mode the engine firing frequency aligns with the 
system resonance frequency below 600 rpm. At 600 rpm, 
the firing frequency is just over the system resonance, but 
still affected, hence the high initial angular acceleration. As 
the engine speed increases above approximately 700 rpm 
the angular acceleration decreases. Through the speed range 
of 600-1500 rpm, operating in a single CF mode (other than 
baseline, 6 cylinders) will cause angular accelerations, 
coupled with the vibration angle, that may cause issues down 
the driveline. This is due to a dyno system resonance at 
approximately 14 Hz.

Considering the high vibration angle of 4, 3 and 2 CF 
mode, compared to the baseline (see Figure 8), staying in one 
mode of CDA can have a high vibration angle and high 
angular acceleration. To avoid this combination of a high 
vibration angle and angular acceleration, a limit can be set 
on the angular acceleration of the flywheel to correspond with 
clutch specifications. If an angular acceleration limit is deter-
mined, the angular acceleration can be kept under that limit 
by switching between CDA modes through the engine speed 
range. The Eaton Transmission Application Guideline 2610 
rev 2, recommends limiting the angular acceleration at the 
output of the transmission to 300 rad/s2 for certain drive 
conditions [33]. Since the measurements taken in this study 
are at the flywheel, before the clutch, a higher angular accel-
eration limit of 500 rad/s2 was chosen to demonstrate the 
technique presented. Following the arrows on Figure 9 shows 
an example of changing CDA modes, to stay under a limit of 

 FIGURE 8  Engine speed and angle of oscillation during engine run up from 600 to 1500 rpm for (a) 6 CF mode (b) 3 CF mode 
(c) 4 CF mode and (d) 2 CF mode.
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 FIGURE 9  Angular acceleration of dominant order cuts of 
torsional vibration vs engine speed.
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500 rad/s2. In this instance, staying below 500 rad/s2 in CDA 
mode can be accomplished by starting in 4 CF mode up to 
750 rpm and then switching to 3 CF mode up to 1000 rpm 
and then back to 4 CF mode, for example. This method of 
switching between CF modes will minimize the angular accel-
eration levels. Theoretically, this is done by avoiding the 
system resonance that causes the amplif ication of 
vibration levels.

The engine firing frequency vs engine speed will change 
depending on the number of cylinders firing while switching 
CF modes in order to stay below a specified limit. This will 
result in the engine firing frequency avoiding crossing over 
the system resonance. Figure 10a, shows how a system reso-
nance near 14 Hz is avoided by switching from 4 CF mode to 
3 CF mode at 750 rpm, eliminating the high vibration observed 
in Figures 8c and 8d, at approximately 12 seconds. Another 
switch can be made above 1000 rpm back to 4 CF mode if 
needed. Figure 10b shows the path for deceleration where 2 
or 4 CF mode approaches the resonance while decelerating to 
1000 rpm, then switches to 3 CF mode and then back to 2 or 
4 CF mode around 750 rpm. This will cause the engine firing 
frequency to jump above or below the system resonance 
without passing through the resonant frequency. This will 
limit the torsional vibration of the flywheel, since the vibration 
will not be amplified by the dyno resonance.

Summary/Conclusions
The present study focused on the CDA operating range of a 
Heavy Duty Diesel Engine where there was an advantage for 
aftertreatment thermal management and fuel consumption. 
This range spanned up to 3 bar BMEP. Half engine CDA offers 
an increase in turbine outlet temperature from 50 to 120 C 
operating up to 3 bar BMEP. Half engine CDA offers the ability 
to improve fuel consumption by 20% at the lowest loads while 
there is a fuel consumption benefit up to 3 bar BMEP.

Variants of CDA ranging from two, three and four cylin-
ders firing were examined in a dynamometer test cell.

CDA was shown to have varying levels of torsional vibra-
tion depending on the engine speed and load map. It was 
determined that varying the CDA variants below 3 bar BMEP 
can maintain the angular acceleration at or below 500 radians/
s2. This level of vibration upstream of the clutch remains 
acceptable for heavy duty applications.

The variable CDA implementation strategy (recipe) for 
managing torsional vibration below 3 bar BMEP varies with 
engine speed. Torsional vibration remains acceptable from 
idle to 750 rpm while operating in 2 or 4 cylinder CDA mode. 
Half engine CDA remains acceptable from 750 to 1000 rpm. 
Any variant of CDA (2, 3 or 4 cylinder CDA) remains accept-
able above 1000 rpm. A heavy duty vehicle will have a different 
resonance frequency based on the driveline configuration. A 
similar variable CDA implementation strategy is expected for 
CDA variants in a heavy duty vehicle while the transition 
points may differ.
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Definitions/Abbreviations
BMEP - Brake mean effective pressure
CDA - Cylinder deactivation
CF - Cylinder firing
mpge - Miles per gallon equivalent
NVH - Noise, vibration and harshness
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