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Transmissions are often considered a “necessary evil” in driveline systems. Although 
often considered cumbersome, transmissions are indispensable when the motor speed 
does not match the required speed of the machine being driven. Additionally, the 
efficiency of the driveline can be improved if the overall efficiency—the multiplication 
of the efficiency of the engine and transmission—of the driveline system comes into 
focus (Refs. 1–4). This has consequences in the automobile industry where eight to 
nine gears are normal in an automatic transmission with an ICE (Refs. 5, 6). Based on 
well-established principles taught in many universities, transmission designs are calcu-
lated to include necessary starting gear ratios, high-speed gear ratios, and one or more 
overdrive gear ratios to reduce fuel consumption by lowering the internal combustion 
engine speed.

How will transmissions be designed for electric motors in a car? We have the same 
situation: the driving motor’s efficiency map influences the transmission’s design. 
Electric motors also have efficiency maps, but these are fundamentally different from 
those of internal combustion engines. Alone the knowledge, that electric motors 
don’t need a clutch or torque-converter for starting gear ratio and that an electric 
motor has torque from the speed 0 is enough to make only one gear between the 
electric motor and tires. Although single-gear transmissions are commonly used in 
mass-produced electric vehicles, they do not meet future requirements for the inter-
face between the electric motor and the tires. A multispeed transmission will not 
necessarily be heavier than the existing 1-speed transmission in actual cars.

Maps for Electric Motors
Figure 1 shows an ideal efficiency map for an electric motor, which is designed for a car 
application. All types of electric motors have nearly the same characteristics. Torque from 
speed 0 and a long range of speed with nearly constant power. This range can be different 
from the types of electric motors and depends on their design. You don´t need a clutch 
or a torque converter for the gap between speed 0 for the car and the minimum speed 
of an ICE. That is a common problem of ICEs (like gasoline, diesel, or e-fuels), they are 
not able to deliver torque below their idle speed. The operational range of electric motors 
with constant power output plays a significant role in transmission design.
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where
UE-Motor is ratio between maximum speed and maximum speed 

for maximum torque
nmax is maximum speed [min-1]
nTmax is maximum speed for maximum torque [min-1]

Another point is the best efficiency of electric motors. How 
Figure 1 shows that this point will be below the maximum 
speed of the electric motor nmax and for this ideal example by 
(roughly) nhmax=2 * nTmax, that means for this example by much 
lower than the maximum speed of the electric motor. With 
this ideal map, the method will be introduced to calculate the 
starting gear ratio, the highspeed gear ratio, and the overdrive 
gear ratio and with these values deliver the ratio range for the 
transmission for electric cars.

Efficiency deteriorates at constant vehicle speeds when 
operating in the high-speed range of electric motors. The effi-
ciency of a constant speed of the car will become more impor-
tant in the future even in Germany with (now!!) no speed limit 
for highways. If you drive at a constant car speed of 100 km/h 
you need only 20 kW for this example, which means much less 
than the maximum power for this electric motor. The overall 
efficiency hov can be calculated with Equation 2.

ov mot transmission$h h h=
(2)

Overall efficiency affects the amount of electric power 
needed, which in turn determines the battery storage require-
ments. That means the range for electric cars can be very much 
improved if you increase overall efficiency. More detail and an 
explanation for the overall efficiency and the range increase 
can be seen in Refs. 1–4.

Characteristic Values for Ratio 
and Ratio Range for Transmission

Starting Gear Ratio
The starting gear ratio istart E can be calculated from the required 
torque for one axle (or more for four wheel-driven cars) and the 

torque of the driving motor. You or the applicant decide if you use 
the normal torque or the peak torque of your electric motor. The 
axle torque depends on the inertia of the electric motor and the 
driveline; more detail can be found in Ref. 7, this factor is called {.
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T
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E

axle $ {=
(3)

where
Taxle=torque at axle [Nm]
TE=torque of electric motor [Nm]
{=inertia factor (Ref.7)
with axle torque calculated out of the slipping limit of the tires

T m r gaxle axle wheel wheel$ $ $n=
(4)

where
maxle=mass of axle [kg]
nwheel=friction coefficient tire-street 
rtires=radius of tires [m]
g=earth acceleration [m/s2]  

And the inertia factor { for this example, which is defined 
from Lechner/Naunheimer (Ref. 7):

.1 2.{
(5)

For this example, the mass for one axle will be named to 
1,100 kg and the friction coefficient for the contact rubber 
(wheel) to street will be named to nwheel = 1 and the radius of 
the tires should be 0,3 m, for this example the istart E can be 
calculated with Equation 3 to:

,i 19 4start E .
(6)

for TE, the value will be taken from the ideal motor out of 
Figure 2, TE ≈ 200 Nm. For the peak torque of the electric 
motor, the value becomes smaller.

Figure 3 shows the ideal electric motor in a car with a 
given driving resistance curve (one can use a lot of param-
eters, which are valid for this curve). The driving resistance 
curve shows the required power of a car versus car speed. The 
slipping limit (maximum power) can be calculated with the 

Figure 1—Efficiency map for an ideal electric motor.
Figure 2—Efficiency map of an electric motor with 85 kW ref. to Fig-
ure 1, incl. power unit.
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multiplication of the maximum torque at the axle with the 
speed of the tires. You can see that, with a starting ratio of 
about istart E ≈16, the car can only drive about v ~ 105 km/h. 
Whether this value istart E≈19.4 will be used for maximum 
acceleration or hill climbing or hill climbing with trailer has 
no influence. Not until a speed of about 26 km/h can this car 
accelerate with slipping limit, for acceleration at higher speed 
you need more power, that is shown in Figure 3.

High-speed Gear Ratio
The high-speed gear ratio iHE can be calculated kinematically 
(not with torque like starting ratio). The values can be calcu-
lated out of maximum speed of the electric motor (nmax) and the 
required maximum speed of the car (speed of the tires nwheelvcar).

i n
nmax

HE
wheelvcar

=
(7)

The theoretic possible maximum speed of the electric motor 
is 16,000 min-1 (for the example out of Figure 2) and for the 
maximum speed of the car (for this ideal electric motor with 
85 kW, see Figure 4) with Equation 6 can the value calculated 
to the highspeed gear ratio:

i 9 1800
16000

HE . . b l
(8)

Of course, one can use other high speeds for cars too.

Figure 3—Efficiency-map of an electric motor with a starting ratio for cars.

Figure 4—Efficiency-map of an electric motor with a high-speed gear 
ratio for cars.

With these two values for starting gear ratio and high-speed 
gear ratio the ratio range of the transmission can be calculated to: 

,i
i

2 2D
HE

start E .U =
(9)

Overdrive Gear Ratio
The overdrive gear ratio for cars with ICEs can be established 
with the wish to improve the overall efficiency with Equation 
2 and to reduce fuel consumption. For ICEs, this map can 
be derived from the be-map (specific fuel consumption by an 
ICE). With one or more overdrive gears you can reduce fuel 
consumption for lower speeds than the maximum speed of cars.

In principle, you can define overdrive gears for electric cars 
in the same manner as ICEs. Here you can reduce the electric 
energy (stored in a battery) the customer requires for mechani-
cal power with better overall efficiency according to Equation 
2. Because the efficiency map for electric motors is totally other 
than for an ICE the following method is proposed. For this 
ideal electric motor will be proposed in Figure 5 that the driving 
resistance curve should be tangential to the curve hmax-5%. This 
proposal is founded because the theoretical possibility to reduce 
the electric motor speed more, that means the driving resistance 
curve should go through the maximum efficiency point (pos-
sible for this example for a car speed of about 180 km/h) will 
result a very low value of the overdrive gear and a very high 
value of the ratio range for the transmission.

With this proposal you will get Figure 5, marked with x for 
a car-speed of 150 km/h and a speed for the electric motor of 
about nE-Motor ≈ 9700 min-1:

i n
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od
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E Mot 5h
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(10)

and for this example:

.i 1350
9700 7 2od .=

(11)

and a total ratio range for the transmission Utr:
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,

.i
i

7 2
19 4

2 7tr
od

start E .U = =
(12)

Figure 5—Efficiency-map of an electric motor with an overdrive gear 
ratio for cars.
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Ratio Range for Transmission
The ratio range for this example can be derived out of driving 
resistance curve for cars and efficiency-maps for the engines. 
This can be electric motors or ICEs. For calculation of the 
ranges following equation can be used:

i
i

ratio range for drivingD
HE

start EU = =
(13)
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Two-Speed-Automatic 
Transmission for Electric Cars

If an electric car is designed to have only two ratio ranges, the high-
speed gear ratio becomes less relevant, because electric motors can 
produce the maximum power by smaller and lower speeds (Figure 
1 and Figure 2). The range Utr for this example is very high and the 
step from first gear to the second gear are unusual and for shifting 
elements too high. Therefore, it is recommended to use the peak-
torque of electric motors to reduce the ratio range. The value of the 
starting gear ratio will be decreased, though that Utr will become 
much smaller and suitable for shifting elements. Nevertheless, the 
ratio range for transmission is smaller than for all known electric 
motors (Equation 1), which means, if you shift at the high speed of 
the electric motor after the shifting process you have the same 
power as before. For calculation of brakes/clutches you should have 
a look at the patents (Refs. 8, 9).

In Figures 6 and 7, the ideal motor is scaled up to a power 
output of 200 kW, using the data from either Figure 1 or Figure 
2. For this particular electric motor, the required gear ratio for 
driving is approximately 1, eliminating the need for a second 
ratio. This is because the car can achieve speeds exceeding 200 
km/h using just the starting gear, as demonstrated in Figure 7. 
If you aim for higher overall efficiency through overdrive, a two-
speed automatic transmission would be beneficial.

Figure 6—Efficiency-map of an electric motor with 200 kW ref. to 
Figure 1, incl. power unit.

Figure 8 displays the overall efficiency, calculated using 
Equation 2. Compared to the smaller 85 kW electric motor, 
the efficiency has decreased by about 5 percent because the 
motor’s optimal efficiency point is not achievable at a constant 
driving speed. Data points for speeds of 80 and 130 km/h (50 
mph and 85 mph) are plotted in Figures 7 and 4. For the elec-
tric motor with 85 kW the value of h is ≈ hmax – 10 percent, 
for 200 kW this value is h is ≈ hmax – 15 percent. In the calcu-
lations using Equation 2, the transmission efficiency has only 
a minor impact. When comparing the efficiency of current 
mass-produced models with the patented example, it is evident 
that transmission efficiency does not have a significant influ-
ence, although it is better than a one-speed transmission.

For the curves in Figure 8, the efficiency of the transmis-
sion was taken constant (equal for both transmissions), because 
losses in the open synchronization (Ref. 12) exist and they 
are about the same value as the lower losses of the chosen 
planetary transmission. Figure 8 shows only the difference of 
hmot (Equation 2) between the different electric motors with 
85 kW and 200 kW. The advantages in efficiency are direct 
advantages in the range of electric cars.

Here it can be seen that “high-powered” cars have nearly 5 
percent lower range by the same size of the energy-storage 
(battery). High-powered cars are for example the B-class (like 
corsa/ fiesta /polo) with 200 kW power. This class should be 
powered by 85 kW and 2-speed-automatic transmission, then 
you have advantages in the range of these classes and the same 
hill-climbing possibility and the same acceleration until about 
25 km/h. That means nearly no disadvantages.

Figure 7—Efficiency-map of an electric motor (200 kW) with a start-
ing ratio for cars.

Figure 8—Overall efficiency for constant speed for different power of 
the electric motors.
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The Example for the 2-Speed 
Transmission

Figure 9 shows the sketch out of the patent. The electric motor 
is connected to the sun 1 of the two used planetary transmis-
sion. The first gear (starting gear) uses the planetary transmis-
sion 1–2 with a stepped planet, the second gear (highspeed-
gear) is the “normal” planetary transmission with 1–2. That 
means the carrier is by both gears connected to the output-shaft. 
With the two brakes, one is connected to the smaller ring-gear 
2’ the other one is connected to the bigger ring-gear 2. For both 
planetary transmission the efficiency can be calculated with 
(Ref. 11) with the working sheets for h1s. One part of the power 
is transmitted as clutch-power without any losses (Ref. 11).

Figure 10 illustrates the flow of torque in the first gear, char-
acterized by the initial gear ratio istart E. The smaller ring gear is 
secured to the housing using a brake mechanism, which could 
be either a dog-clutch or a spline. The stepped planetary gears 
transmit torque from the first input shaft 1, which is con-
nected to the electric motor, to the output shaft that serves as 
the carriers for both transmissions.

Figure 11 depicts the flow of torque during the gear shift 
from first to second gear. During this shifting process, the 
electric motor generates no torque, resulting in a net elec-
tric torque of zero. The synchronization system should pos-
sess the same maximum torque capacity (Tnmax, as shown in 
Figure 13) as the electric motor when operating at maxi-
mum speed. If the motor reaches this maximum speed, the 
customer will not experience any changes in the torque out-
put on the output shaft. During this process, the torque 
required to drive the car is generated by the deceleration of 
the electric motor’s inertia. For the customer, the source of 
the torque—whether it comes from the deceleration of 
inertia or from electric torque—is irrelevant. The only 
remaining question is the duration of this time period. 
Initial calculations, using the inertia values of an actual 
electric motor, indicate that the time required for torque 0 
synchronization is within acceptable limits. This implies 

Figure 10—Starting gear (1. Gear, istart E) of the 2-speed automatic 
transmission.

Figure 9—Sketch of the planetary transmission out of Pat. PCT/
EP2020/079280.

that a hydraulic system, complete with pumps and valves 
typically found in a standard automatic transmission, is 
unnecessary. The details of this shifting process can be exe-
cuted entirely through electromechanical means, as outlined 
in patent PCT/EP2020/079280 (not shown here) (Ref. 9).

Figure 12 shows the torque flow in the 2 gear (the high-
speed gear, iHE), here the bigger ring-gear is connected to the 
housing, which means the ring gear 2 (see Figure 9) stands 
still and the torque/power will be transmitted from sun 1 with 
only one planet (the bigger one of the stepped planets) to the 
carrier (output shaft). After the shifting process (Figure 11 
and Figure 12), when no difference speed between ring gear 2 
and the housing is given, you can shift the ring to the shown 
position, and you have the dog clutch (spline) between ring 
gear 2 and housing. For this position, any torque from the 
electric motor can be transmitted to the output shaft.

Shifting process 1 → 2 is proportional to the constant axial 
force for synchronization. In this case, the torque capacity 
of the synchronization has the same value as the maximum 
torque Tnmax of the electric motor with maximum speed nmax. 
For partial load—shifting 4 → 5—the axial force of the syn-
chronization is smaller than the 1 → 2 process. In 2 or 5 no 
difference in the synchronization is valid and the dog clutch 
transmits any torque of the electric motor (Figure 12).

Figure 11—Torque flow while shifting process from 1 to 2 gear (start-
ing gear to high-speed gear).

Figure 12—Torque flow in 2 gear (high-speed gear, iHE).

Figure 13—Shifting process for the electric motor, no torque interruption 
while shift from 1 to 2 gear with the synchronization (torque capacity 
like torque from the motor for maximum speed nmax, see Figure 1).
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Conclusion
With the shown method the advantages of 2-speed automatic transmission for cars with electric motors you can calculate the ratios 
and the ratio-range for a 2-speed-transmission. You can make a significant improvement in the efficiency and range of the car for 
less electric power. The use of this 2-speed-automatic-transmission make sense for passenger cars with electric power ˂ 100 kW 
and for trucks (all sizes). The example illustrates a transmission that uses an electromechanical system for shifting, eliminating the 
need for a hydraulic system, and minimizing torque interruption. Though this example is thought for passenger cars and for trucks 
in general. The summary can be:

2-speed-automatic transmission are recommended for passenger cars with power ˂ 100 kW and for all trucks.
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