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I. INTRODUCTION 

Forklifts and similar trucks for material handling represent 
the vast majority of off-road vehicles, being practically used 
in any industry in the world. Battery-Electric Forklift Trucks 
(BEFT) are generally preferred to Internal-Combustion 
Engine (ICE)-powered ones for indoor applications and their 
popularity is foreseen to increase, driven by the actual trends 
on transportation electrification [1]. 

Many academic and industrial researches on forklift-
related topics can be found in the literature, involving any part 
of these vehicles such as batteries [2], traction and auxiliary 
motors [3]-[5], power electronics [6] and their overall 
management [7]. Particular focus needs to be placed on the 
optimal design of these systems and the maximization of their 
efficiency and energy saving, in order to achieve the best 
performance for battery vehicles. Since most of the truck 
power consumption is related to its movement, the traction 
motor(s) efficiency improvement is a key task to fulfil this 
kind of requirement. 

Induction motors (IMs) have become the standard traction 
devices for electric forklifts, replacing the previous systems 
based on DC motors [8] thanks to their simplicity and 
relatively low cost (in terms of both manufacturing and 
maintenance). The main drawbacks related to IMs usage as 
traction motors is their relatively low torque density and 
limited efficiency [9]; for these reasons many industrial 
applications adopt Permanent Magnet Motors (PMMs) to 
meet their tight requirements in terms of compactness and 
energy consumption [10]. 

Among all the topologies of PMMs, Interior Permanent 
Magnet (IPM) machines are preferred for traction applications 
because they guarantee a wider speed operating range 
compared to Surface Permanent Magnet (SPM) machines 
[11]. Another valid choice for this kind of applications is 
Synchronous-Reluctance (SynRel) machines, which do not 
require PMs for torque generation, thus they have a more 
competitive cost compared to IPM motors, although they 
cannot withstand the extremely advantageous torque density 
that the latter usually yield [12]. For these reasons PM-

Assisted Synchronous-Reluctance (PMASR) motors have 
gained great popularity as traction devices, representing the 
right trade-off between the two mentioned machines strengths 
since they provide a superior torque density compared to 
SynRel machines with a limited manufacturing cost thanks to 
the reduced PMs volume. 

Compared to IMs, drawbacks of PMASR machines that 
limit their usage as forklift trucks traction motors are their 
higher control complexity [14], their larger cost [15] and some 
fault-tolerance related issues [16], but they are gaining 
popularity thanks to the strong efforts of academic and 
industrial researchers [17]-[23]. This paper tries to contribute 
to this field by comparing the energy consumption of a BEFT 
IM-based traction system and a PMASR-based one, according 
to a standard working cycle. More in detail, the traction-
related prescriptions of the testing cycle as per VDI 2198 
guideline [24] have been applied to two different traction 
systems designed for a 3.5 t/7000 lbs BEFT to compare the 
battery energy/charge consumption per standard cycle and the 
overall performance of the two machine-systems. 

The paper is organized as follows. Section II presents an 
overview on BEFT traction system and the main 
characteristics of the two electrical machines being studied. It 
also briefly presents the standard reference testing cycle to be 
used in the following. Section III provides the theoretical 
background for the kinematic model for computing the motor 
energy consumption needed to complete the reference 
working cycle. The results of the performed calculations are 
presented and discussed in Section IV, finally leading to the 
conclusions drawn in Section V. 

II. FORKLIFT TRUCK TRACTION SYSTEM

The typical traction system for a BEFT is shown in Fig. 1. 
It is composed of two semi-independently driven motor-

Fig. 1 BEFT traction system (courtesy of PMP Industries Group) 
(a) Electric motor + inverter (b) Gearbox (c) Truck wheel hub. 
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gearbox-wheel systems mounted on the truck front axle. The 
gearbox is generally a two-stage system having an overall 
speed reduction ratio (RR) in the range of 20/40:1, depending 
on the forklift-truck ratings and specifications. The first stage 
is a parallel-shaft gearbox driven by the “fast” shaft 
mechanically integrated with the electric motor; the output 
stage is a planetary gearbox with its planetary carrier directly 
attached to the truck wheel hub. 

Each motor is controlled by a PWM inverter with its DC 
stage connected to the truck main battery, generally having a 
rated voltage of 48 or 80 V. The inverter is capable of four-
quadrant operation to allow for truck regenerative braking and 
forward-backward running. 

The nameplate data of two reference machines (IM vs 
PMASR) are collected in Table I. It can be noticed how the 
two machines have comparable size and ratings, but the 
PMASR motor features a +40% torque-per-mass density with 
respect to the IM. 

TABLE I 
NAMEPLATE DATA AND GENERAL CHARACTERISTICS 

OF REFERENCE TRACTION MACHINES. 

Quantity IM PMASR 

Size (out- diameter × length) [mm] 240×110 

Battery voltage [V] 80 

Rated current (line, RMS) [A] 129 150 

Rated power [kW] 9 12 

Base frequency [Hz] 68 100 

Number of poles [ - ] 4 6 

Rated torque [Nm] 43.0 57.3 

Torque density 
[Nm/dm3] 16.3 21.7 

[Nm/kg] 1.34 1.88 

Mass [kg] 32.0 30.4 

Duty type S2 – 60 min 

Thermal class H (180°C) 

A. Reference power-consumption testing cycle 

The standard driving cycle as per VDI 2198 (hereinafter 
referred to as VDI cycle) is taken as reference by international 
standards such as ISO 23308-1 for the energy efficiency rating 
on industrial vehicles [25]. It consists of a standard sequence 
of actions involving all the functional components of the 
forklift trucks, i.e., it is not specifically focused on the traction 
system but involves, for instance, the lifting mechanism as 
well. Each cycle sub-operation is characterized by specific 
parameters such as travelled distance, speed conditions, truck 
load and movement direction. 

Since this paper is focused on the performance comparison 
of traction motors, a simplified driving cycle based on the VDI 
one has been defined. This cycle takes just the prescribed 
traction-related operations from the standard VDI cycle, with 
the same specifications. Furthermore a few simplifications 
and assumptions has been made to obtain a suitable sequence 
of operations that can be easily implemented through the 
theoretical model described in Section III: 

• Since the forward/backward movement is realized by
simply reverting the motor phase sequencing, this
prescription from standard VDI cycle can be ignored
and the actual inverter four-quadrant operation is
limited to a two-quadrant one (motoring/braking).

• Each VDI cycle phase is subdivided into different
subphases of three kinds: acceleration, constant speed
(curving), braking.

• The truck maximum speed at the end of an acceleration

phase is set equal to vmax = 4.15 m/s (≈15 km/h);

besides the constant speed at each curve is denoted as 
vmin and it is equal to 0.25 m/s (0.9 km/h) as per 
standard VDI cycle prescription. 

The simplified driving cycle is reported in Table II, 
detailing the information required to implement the kinetic 
model described in the next section. The abbreviations used in 
Table II are the following: U = truck unloaded, L = truck at 
full load, A = acceleration, B = braking, C = curving at 
constant speed. 

TABLE II 
REFERENCE DRIVING CYCLE. 

VDI 

phase Sub-phase 

Loading 

status Type 

Distance 

travelled 

Speed 

diagram 

1 

1.1 

U 

A ≈25 m 0 → v (≤ vmax) 

1.2 B ≈5 m v → vmin 

1.3 C 3.14 m vmin 

1.4 B 0.1 m vmin → 0 

1.5 A ≈0.8 m 0 → v 

1.6 B ≈0.7 m v → 0 

Phase 1 total ≈35 m - 

2 

2.1 

L 

A ≈0.8 m 0 → v 

2.2 B ≈0.7 m v → 0 

2.3 A 0.1 m 0 → vmin 

2.4 C 3.14 m vmin 

2.5 B 0.4 m vmin → 0 

Phase 2 total ≈5 m - 

3 

3.1 

L 

A ≈25 m 0 → v (≤ vmax) 

3.2 B ≈5 m v → vmin 

3.3 C 3.14 m vmin 

3.4 B 0.4 m vmin → 0 

3.5 A ≈0.8 m 0 → v 

3.6 B ≈0.7 m v → 0 

Phase 3 total ≈35 m - 

4 

4.1 

U 

A ≈0.8 m 0 → v 

4.2 B ≈0.7 m v → 0 

4.3 A 0.2 m 0 → vmin 

4.4 C 3.14 m vmin 

4.5 B 0.1 m vmin → 0 

Phase 4 total ≈5 m - 

Driving cycle total ≈80 m - 

III. ANALYTICAL MODEL FOR

ELECTRIC CONSUMPTION CALCULATION 

The energy consumption per reference driving cycle can 
be calculated according to the traction machine characteristic 
curves, i.e., the maps that correlate the motor current, voltage 
and efficiency to the current torque and speed. The latter are, 
in turn, determined from the kinetic state of the vehicle during 
the driving cycle in Table II. It is worth defining the current, 
voltage and efficiency characteristic in the form of torque and 
speed Look-Up Tables (LUTs); this is done by means of a 
proper set of Finite-Element Analysis (FEAs) on the reference 
machine geometries, both working as motors and generators 
(brakes). 

This section collects the theoretical relationships that lead 
to compute the motor torque and speed from the actual car 
position and speed in the reference driving cycle. More in 
detail subsection III.A recalls the main relationships for the 
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truck/motor mechanical dynamics, whereas section III.B 
presents a model for the feed-forward motor speed control; in 
fact, since we are interested in the evaluation of the motor 
consumption and it is assumed that the motor driving system 
losses are quite negligible compared to the traction machine 
power, we can ignore the actual feedback control dynamics 
and adopt a simpler model where the motor performance is 
inferred from the present truck speed and position, by 
calculating the acceleration required to reach the target kinetic 
state at the end of each sub-phase. 

A. Truck and motor dynamics 

At first it is worth writing the relationship between the 
motor speed n (in rpm) and the truck speed v: 

n =
30

π

R

rw

v = Krpmv (1) 

where R is the total gearbox speed reduction ratio, rw is the 
truck wheel radius and the speed-to-rpm gain Krpm=30/π R/rw 
has been introduced for the sake of convenience. Similarly, 
the truck acceleration a is related to the net driving torque T 
as per the following equation: 

a = R

λ m rw

 T = Kacc

λ
T (2) 

being m the full driven mass (i.e. the truck mass at rated load 
per motorized wheel), λ the load factor (i.e. the current truck 
mass with respect to full load mass) and the rated acceleration 
gain Kacc = R/(m rw). Since the reference driving cycle 
considers only the truck at full load or at no load, then the 
actual load factor can either be 1 at full load or λ0 = M0/M at 
no-load (where M0 denotes the truck mass at no load and M is 
the same at full load). It is worth noticing that the sign of the 
acceleration in (2) is the same as the for net torque, i.e., if the 
latter is positive the truck is accelerating, whereas if it is 
negative it is decelerating. 

The net driving torque is given by subtracting the friction 
(always braking) torque on motor side Tbrk and the motor 
inertial contribute from the current motor torque Tm: 

T = Tm� Tbrk � π

30
J n�  (3) 

where n�  is the motor speed time-derivative (i.e., the angular 
acceleration) and J = Jm + Jw/R2 is the total driven-shaft inertia, 
computed from the motor and wheel moment of inertia, which 
are respectively Jm and Jw. The breaking torque can be 
assumed as a function of the motor speed, which is directly 
related to the vehicle speed as per (1); in this paper the braking 
torque has been estimated from some field data according to 
the following procedure. 

The speed and current recordings of the traction motors 
mounted on a reference truck have been used to calculate the 
motor torque (by reverting the machine characteristic current 
LUT), the vehicle acceleration and, thus, the driveshaft 
angular acceleration during the vehicle operation; from this 
data the experimental breaking torque was obtained 
combining (2) and (3), i.e.: 

Tbrk,exp = Tm,exp�
π

30
J n� exp�

λ aexp

Kacc

(4) 

where the subscript “exp” has been added to highlight that 
these values come from experimental readings. From this data 
the friction factor has been calculated: 

Bexp=
Tbrk,exp

nexp 
(5) 

and then a quadratic regression function B�(n) has been defined 
accordingly. The regression function and the experimentally 
determined friction factor values are plotted in Fig. 2; the 
regression model allows one to compute the truck friction 
torque in the following as: 

Tbrk  = B��n� n (6) 

B. Feed-forward control model 

As mentioned above, a simple control model can be 
implemented to simulate the actual truck drifting during the 
driving cycle. The basic idea is, given the present truck 
position and speed, determining the acceleration required to 
get to the target kinetic state at the end of the current subphase. 
From the acceleration the required motor target torque is then 
determined and if the latter is compatible with the motor 
rating, then its working point is calculated, otherwise the 
target torque requirement is lowered to the maximum feasible 
torque value. 

To determine the target acceleration, we start by writing 
down the car kinematic equations that give the target kinetic 
state (pobj, vobj) from the current one (p, v): 

�p
obj

= p + v Δt  + 1

2
�obj Δt2

vobj = v + �obj Δt
(7) 

being p the truck position, v its velocity, a its acceleration and 
∆t the time required to complete the current subphase from the 
present position. Manipulating this expression, the target 
acceleration is obtained: 

aobj = vobj
2  � v2

2 �p
obj

 � p	 (8) 

The acceleration calculated as per (8) may result in an 
excessive value, so its magnitude is limited to the 
prescriptions as per [26] to maintain an adequate level of 
comfort for the truck driver. 

From the target acceleration the corresponding target 
motor torque is calculated by manipulating (2) and (3): 

Tm,obj=
λ

Kacc

aobj + Tbrk + 
π

30
 J n�  (9) 

Fig. 2 Regression of friction factor from experimental data. 
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with Tbrk calculated as per (6). The actual motor torque 
magnitude is determined by taking the least between the target 
value as per (9) and the maximum torque allowed at the 
present motor speed that is compatible with the voltage and 
current limits. 

Once the motor torque is determined then the actual 
acceleration is computed trough (3) and (2); the corresponding 
truck speed and position can be then easily determined by 
integration. If a discrete time-system is considered it can be 
written as: 

vk+1= vk + ak �s 

p
k+1

= p
k
 + vk �s

(10) 

being pk, vk and ak the position, speed and acceleration at the 
k-th time-sample, with sampling time equal to τs. 

The motor performance is finally calculated from the 
voltage, current and efficiency LUTs at the corresponding 
machine torque and speed working point; these lead to 
compute the remaining variables such as the mechanical 
power Pmech, the electric (active) power Pelt, the power factor 
cosϕ and the battery energy consumption W: 

Pmech=
π

30
Tm n (11) 

Pelt= 
Pmech/η,  if  Tm > 0
Pmech η,  if  Tm < 0 (12) 

cos φ = Pelt√3 V�Tm, n� I�Tm, n� (13) 

Wk = � Pelt,i τs

k

i=1

(14) 

where V(Tm,n), I(Tm,n) and η(Tm,n) are respectively the motor 
voltage, current and efficiency at the present torque and speed, 
calculated from the determined LUTs and Wk denotes the 
energy at k-th time-sample. Assuming that the battery voltage 
VDC remains unchanged during the driving cycle, the charge 
consumption is simply given by W/VDC. 

Fig. 3 summarizes the whole vehicle dynamics and 
traction control workflow scheme. The main data required to 
perform the driving cycle simulation are collected in Table III. 

TABLE III 
REFERENCE TRUCK PARAMETERS. 

Quantity Symbol Value 

Gearbox speed reduction ratio R 31.04 

Wheel radius rw 290 mm 

Truck full-load mass M 9210 kg 

Truck no-load mass M0 5710 kg 

Nr. of motorized wheels Nw 2 

Motor moment of inertia (IM) 
Jm 

0.037 kg m2 

Motor moment of inertia (PMASR) 0.028 kg m2 

Wheel moment of inertia Jw 0.850 kg m2 

Acceleration limit (acceleration) 
alim 

1.8 m/s2 

Acceleration limit (braking) −2.2 m/s2 

Current RMS limit Ilim 250 A 

Sampling time τs 10 ms 

IV. RESULTS

The reference driving cycle presented in section II.A is 
applied to the truck traction system following the procedure 
presented in section III, considering the two reference motors 
given by Table I and the reference truck parameters shown in 
Table III. The results obtained from the two simulations are 
presented and discussed in this section. 

First it is worth verifying that whichever machine is 
chosen the overall BEFT dynamics remains unchanged i.e., 
the vehicle completes the reference driving cycle in a 
comparable amount of time and following similar position and 
speed profiles. This verification is graphically shown in Fig. 
4, where the truck position and speed vs. time are plotted for 
the two traction systems being studied (i.e., the IM-based and 
the PMASR-based one). It can be noticed how both the 
corresponding position and speed profile are practically 
overlapping, so the overall vehicle dynamics is the same for 
the two traction systems being studied; thus, the motor 
performance comparison made in the following is correct and 
homogeneous. It can be also noticed that phase 1 of the driving 
cycle (truck unloaded) is completed in 31.4 s, phases 2-3 

Fig. 3 Workflow for the analytical calculation of vehicle dynamics and motor performance during the reference driving cycle. 
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(truck at full load) are completed in 49 s and finally phase 4 
(truck unloaded) is completed in 18.2 s, giving a total driving 
cycle duration of 98.6 s, with roughly the same completion 
time for the unloaded or loaded phase. Figures from Fig. 5 to 
Fig. 8 show the comparison between some of the motor 
quantities for each traction system being plotted vs. the truck 
position during the driving cycle. Each plot shows the truck 
speed vs. its position as well, to help identify the present 
driving cycle sub-phase. 

If the traction machine current and power factor (PF) are 
considered (shown, respectively, in Fig. 5 and Fig. 6) it can be 
noticed how the IM current absorption is slightly more than 
that of the PMASR machine (especially in the two 25 m-long 
acceleration phases, where most of the motor torque is 
required) but the actual active current (i.e. its torque-
producing quota) for the IM is less than in the corresponding 
PMASR case, since the latter presents a PF close to 1 for the 
whole operation, whereas the former features a PF always 
below the value of 0.9. The IM working PF is even worse in 
the braking phases (which can be observed in Fig. 5 at the 
points where the current absorption becomes negative i.e., the 
motor is actually working as a generator); in fact the IM 
functioning as a generator requires a strong amount of 
magnetizing (reactive) current from the inverter supply to 
work properly [27]. Other phases where the IM current/PF 
performance is relatively poor if compared to PMASR are the 
constant-speed ones (i.e., sub-phases 1.3, 2.4, 3.3, 4.4). This 
is caused by the fact that during this operation the motor 
operate at very low speed and torque thus, again, the IM 
magnetizing current becomes particularly disadvantageous if 
compared to the total one. This difference is especially 
important in many practical BEFT scenarios, where the truck 
is required to perform several start-and-stop operations with 
relatively low speed and travelled distance. 

Fig. 7 compares the machine energy conversion efficiency 
for the two traction-systems being studied. As expected, the 
PMASR machine has a superior efficiency since it has no rotor 
losses, whereas the IM efficiency is particularly poor in the 
regenerative braking phase, since the high magnetizing 
current causes large stator winding losses. 

The considerations about active current and efficiency for 
the two machines are well summarized in Fig. 8, where the net 
battery energy consumption is shown (taking regenerative 
breaking into account). It can be noticed how the IM energy 
flow is particularly diverging from the PMASR one, 
especially in the full-load “long” acceleration phase (i.e., sub-
phase 3.1) and in the constant-speed operation. The overall 
traction-related energy consumption per driving cycle for the 

Fig. 4 Comparison of truck kinetic state during the reference driving 
cycle. 

Fig. 5 Comparison of the motor current consumption in the reference 
driving cycle. 

Fig. 6 Comparison of the motor power factor in the reference driving 
cycle. 

Fig. 7 Comparison of the motor efficiency in the reference driving cycle. 

Fig. 8 Comparison of the battery energy consumption in the reference 

driving cycle. 
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IM-driven BEFT is roughly 44 Wh (158.4 kJ) that lowers to 
40 Wh (144 kJ) if the PMASR-based system is considered, 
with approximately 10% of energy saving. 

In order to convert this comparison into real-life 
experience, the simulation data can be used to estimate the 
battery discharge time in working conditions, i.e., the battery 
duration extension in a working cycle. Let us suppose that 
each BEFT mounts a standard battery with total full-charged 
energy of 36 kWh; it can also be assumed that the overall non-
traction related energy consumption in a std. VDI cycle is 
≈80% of the overall traction energy consumption (i.e., twice 
the motor consumption here calculated, since the truck is 
equipped with two traction motors, according to Table III). 
Furthermore, experience has shown that the standard VDI 
cycle is much demanding if compared to everyday forklift 
operation, so a 60% reduction factor is considered. With all 
these assumptions the total number of “real” working cycles 
that a BEFT can complete with a full battery charge is ≈380 
with the IM-based traction or ≈420 if the PMASR case is 
considered. Thus, assuming an overall duration of 120 s per 
cycle the energy provided by the truck battery is enough for 
≈12.5 hours of operation with IM-powered BEFT or 
equivalently ≈14 hours with the PMASR-based one. 

V. CONCLUSIONS 

In this paper the traction energy consumption of a BEFT 
during a standard-based driving cycle has been investigated. 
Two different scenarios have been considered, i.e., a reference 
IM-driven vehicle and a novel type implementing a pair of 
PMASR motors as traction devices. Given the two machine 
performance models, a simple approach based on the vehicle 
dynamics has been implemented and used to compute the 
overall energy consumption during a quasi-VDI test driving 
cycle. 

The calculations have demonstrated how the use of a PM-
based traction drive allows for an overall energy saving in the 
order of 10% if compared to usual IM-driven trucks. The 
PMASR traction is shown to be particularly advantageous in 
terms of active current and efficiency for regenerative braking 
and low-speed operation. 
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