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Abstract: This work proposes a hybrid drive controlled configuration, using a minimum emissions
search algorithm, which ensures the operation of the Internal Combustion Engine (ICE) in its fuel
efficiency range, minimizing CO2 emissions by controlling the power flow direction of the Electric
Machine (EM). This action is achieved by means of Power Converters, in this case a bi-directional DC-
DC Buck-Boost Converter in the DC-side and a DC-AC T-type Converter as the inverting stage. Power
flow is controlled by means of a bi-directional Model Predictive Control (MPC) scheme, based on an
emissions optimization algorithm. A novel drivetrain configuration is presented where both, the ICE
and the EM are in tandem arrangement. The EM is driven depending on the traction requirements
and the emissions of the ICE. The EM is capable of operates in motor and generator mode ensuring
the Minimum Emission Operating Point (MEOP) of the ICE regardless of the mechanical demand
at the drivetrain. Simulation and validation results using a Hardware in the Loop (HIL) virtual
prototype under different operation conditions are presented in order to validate the proposed overall
optimization strategy.

Keywords: emissions; fuel efficiency; model predictive control; minimum emissions operating point
algorithm; dc-link balance mechanism; T-type; AC drive; HIL

1. Introduction

The continuous use of fossil fuels, especially in recent decades, has led to various
environmental issues, such as global warming and air pollution. In addition, energy crisis
has affected the world economy to a great extent [1]. Considering that vehicles consume
the overwhelming majority of fossil fuels used in the world, an effort has been made over
the last few years to change the scene so that vehicles are as least-polluting as possible.
This can be performed by the use of vehicle electrification technologies, including Electric
Vehicles (EVs) and Hybrid electric Vehicles (HEVs), on the basis that they use electricity
produced from renewable energy sources [2–7]. However, EVs are a major technological
challenge for power grids, since passive elements constitute a new kind of cargo. Therefore,
a large number of electric vehicles can appreciably burden the grid and adversely affect its
smooth operation [8–11].

The development of hybrid vehicles has been a significant advance in energy efficiency
and reduction of combustion emissions [7,12,13]. Typically, the hybrid vehicle operational
profile is based on the speed reference: for low-speed operation, only the EM delivers the
required power, for cruise speed only the ICE delivers the required power, and for high
acceleration both the EM and the ICE supply power [4,14,15]. However, this operation
profile does not ensure that the ICE is operating in its fuel efficiency range, hence minimum
emissions range [16].

Several studies have been conducted on the control of gas emissions for HEVs. For
MPC-based control schemes, Hu et al. [17] developed a model predictive multi-objective
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control for fuel economy, emissions reduction, and also car-following. A real-time MPC
powertrain control strategy for energy management based on predicted future velocity,
power demand and road conditions, is introduced in [18]. On the other hand, in [19]
the MPC algorithm predicts through vehicle-to-vehicle communications.The MPC control
scheme of Vu et al. [20] also includes vehicle acceleration and jerk, testing vehicle’s driv-
ability and comfortability. In addition, the model constraints where softened improving
stability and robustness. Opposed to [20], a MPC algorithm manages HEV operating con-
straints by identifying the allowable ranges of each variable based on the actual operating
conditions in [21]. Unlike the references mentioned above, this paper presents a reduction
of HEV’s gas emissions by predicting the specific fuel consumption of the ICE and moving
it to the MEOP (Minimum Emission Operating Point), where the minimum amount of CO2
is emitted. Furthermore, a novel hybrid drivetrain architecture is presented, the EM is
controlled based on MPC using a minimum search algorithm, which ensures the operation
of the Internal Combustion Engine in it’s fuel efficiency range, minimizing CO2 emissions.

The topology used for the inverting stage is a 3-level T-type due to its low conduc-
tion losses and its fewer switching devices in contrast with other Neutral-Point Clamped
(NPC) topologies. Nevertheless, multilevel inverters tends to unbalance the dc-link volt-
ages [22]. To address this issue the prediction of the dc-link voltage is included on the MPC
algorithm [23,24], thus voltage balance is achieved.

The minimum emission control algorithm is tested with the Highway Fuel Economy
Test (HWFET) driving cycle [25]. Finally, a HIL validation is introduced showing satisfac-
tory results and similarities with the offline simulation, verifying near experimental results.

2. HEV Drive System

The HEV configuration under study is a tandem arrangement between the electric
machine and the combustion engine as shown in Figure 1. In consequence, the delivered
power to the drive train splits between the ICE and the EM.

Figure 1. HEV configuration.

The EM is capable to supply power to the drivetrain and to charge the batteries.
Depending on the powertrain requirement and the ICE’s load, the EM operates in motor or
generator mode.

The electric drive consist of a Permanent Magnet Synchronous Machine (PMSM)
fed from a T-type multilevel converter. While the dc-link voltage is sustained by the car
batteries using a bi-directional Buck-Boost converter.

Both electric motor and combustion engine are sharing the power flow delivered to
the drivetrain. The optimization strategy must ensure the MEOP of the combustion engine
by controlling the power flow direction in the electric motor. For high load requirements
the electric motor must supply the difference of power needed. On the other hand, for low
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load conditions the electric motor must absorbs the extra power. The power flow direction
for both cases is shown in the Figure 2, also the emissions’ profile is depicted.

Minimum emissions

operating range

Engine load %
Min 75 80 100

MEOP

Figure 2. Specific fuel consumption of a HEV and power flow direction.

For the tandem configuration, the required torque Treq at the drivetrain is

Treq = Tce + Te , (1)

where Tce torque provided by the combustion engine, and Te is the torque developed by
the EM.

2.1. Electric Machine Dynamics

The dynamics of the PMSM is described from the space vector representation in
Equation (2)

vs = Rs is +
d
dt

Ψs , (2)

where spatial vector components of voltage vs; current is, and flux linkage Ψs are 120°
apart from each other.

Through a transformation T : {a, b, c} → {d, q, 0′} given by Equation (3)

T =
2
3

sin θ sin θ − 2π
3 sin θ + 2π

3
cos θ cos θ − 2π

3 cos θ + 2π
3

1
2

1
2

1
2

 , (3)

it is possible to describe the electrical dynamic in a rotating reference frame whose axes
are named (d− q): direct and quadrature. In this case, the angle θ of the rotating reference
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frame is aligned with the permanent magnets flux linkage, therefore, the electrical dynamic
is described by Equations (4) and (5):

vd
s = Rs id

s + Ld
d
dt

id
s − p ωr Lq iq

s , (4)

vq
s = Rs iq

s + Lq
d
dt

iq
s + p ωr Ld id

s + ωr ψm , (5)

The torque developed by the machine in terms of the d− q stator currents is expressed
in Equation (6) as follows:

Te =
3
2

p
[
ψm iq

s + id
s iq

s (Ld − Lq)
]

(6)

Next, the fundamental principle of a three-level T-type inverter which drives the
PMSM is described.

2.2. T-Type Inverter Fundamental Principle

The fundamental T-type cell is a T-array of four switching devices as ilustrated
in Figure 3. Typically, IGBTs or MOSFETs are used for high-voltage, high-frequency
switching operation. The T-type converter is capable to synthesize three output voltage
levels per phase, by using three different switching states: +; 0; −. Depending on the
switching vector Sx (which are presented in Table 1) the output voltage can be expressed in
terms of Equation (7)

vxN = Sx
vdc
2

, (7)

where Sx represents the switching vector and vxN the output phase-neutral voltage for
x ∈ {a, b, c}. The switching states are presented in Table 1 for a fundamental cell.

S1

S4

S2

S3

C1

C2

N

x

io
ix

!
" !#$

!
" !#$

Figure 3. T-type fundamental cell.

Table 1. Switching states of the T-type inverter fundamental cell.

Sx S1 S2 S3 S4 vxN

+ 1 1 0 0 +vdc/2
0 0 1 1 0 0
- 0 0 1 1 −vdc/2

The total amount of switching states generated by three switching states and three
phases is N = 33 = 27. Nevertheless, there are redundant states that generate the same
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voltage level, thus the total active switching states reduces to 19. In Figure 4 the total active
switches with the redundant vectors are represented in a orthogonal α− β reference frame.

V3 V2

V1V4 V7

V8

V9

(0,+,0)
(−,0,−)

(0,+,+)
(−,0,0)

(0,0,+)
(−,−,0)

V5

(+,0,+)
(0,−,0)

V6

V10

V0

(−,+,−)

(−,+,0)

V11

V12

(−,+,+)

V13

(−,0,+)

V14

(−,−,+)

V15

(0,−,+)

V16

(+,−,+)

V17

(+,−,0)

V18

(+,−,−)

(0,+,−)

(+,+,0)
(0,0,−)

(−,−,−)
(0,0,0)
(+,+,+)

(+,0,0)
(0,−,−)

(+,0,−)

(+,+,−)

Figure 4. Switching states and voltage vectors of the three-phase T-type inverter.

dc-Link

The dc-link is formed by two capacitors clamped to a common neutral point N as
depicted in Figure 3. The voltage dynamics to model each dc-link capacitor is described in
terms of the neutral point current as

d
dt

vc1 =
1

2 C
io , (8)

d
dt

vc2 = − 1
2 C

io , (9)

where io = ic1− ic2 and C is the capacitance of both capacitors and satisfy that C = C1 = C2.
The neutral point current is common for the three-phase currents, hence

io = ∑
x

Sxo ix , (10)

where Sxo represents the switching states associated with the common neutral point N.
Considering Table 1, the phase is connected to the neutral point only when Sx = 0, In this
way Sxo = 1 when Sx = 0, otherwise Sxo = 0.

The main issue with this topology, and the multilevel converters in general, is that
voltage drift between capacitors may occur, unbalancing the dc-link voltages. Within the
19 active vectors, if a majority of positive redundant switching states is selected the top
capacitor tends to discharge, otherwise, if a majority of negative switching states is chosen
the bottom capacitor tends to lose its charge.

2.3. Buck-Boost Converter Fundamental Principle

Aiming to regulate the dc-link voltage that fed the inverter a bi-directional Buck-
Boost converter is switched, such that it maintains his dc voltage supply invariant against
high-demand currents and regenerative periods.
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The Buck-Boost converter is depicted in Figure 5. The stages of the converter are
differentiated by the switching state of Q1. If the switching state is ON, the inductor is
directly connected to the source increasing its stored energy while the capacitor supplies
power to the load. On the other hand, if the switching state is OFF, the inductor is isolated
from the source and supplies its stored energy to the load and charges the capacitor. The
Buck-Boost converter dynamic is presented in Equations (11) and (12)

d
dt

vc =
(u− 1)

C
iL −

1
C

ir , (11)

d
dt

il =
(1− u)

L
vc +

u
L

vin , (12)

where u is the switching signal of the Q1 with u ∈ {0, 1}. iL is the inductor current and vc
the capacitor voltage.

+

Figure 5. Buck-Boost Converter.

By averaging the ON and OFF time of the switching device, the output voltage is

vout =
D

1− D
vin , (13)

where D is the duty cycle of the converter and its defined by D = ton/(ton + to f f ). The
termn D

1−D is known as the static gain of the converter, for 0.5 < D < 1 the output voltage
is greater than the input voltage, for 0 < D < 0.5 the output voltage is less than the input
voltage, and for D = 0.5 the output and input voltages are equal. Therefore, manipulating
the duty cycle D the required output voltage is achieved.

It is important to note that the Equation (13) considers a operation in Continuous
Current Mode (CCM) in the inductor current and does not include the voltage ripple
introduced by the switching devices.

3. Vehicle Dynamics

The main forces experienced by the vehicle are: aerodynamic drag, rolling resistance
and acceleration resistance. Aerodynamic drag (Fd) is the component of the force exerted
by the air on the vehicle that is parallel and opposite to the direction of motion. Rolling
resistance (Fr) is the force resisting the motion when a body rolls on a surface. Finally,
acceleration resistance (Fa) can be defined as the proportion of inertia forces in the overall
road resistance. Therefore, the vehicle road-load force (Ft) is

Ft = Fd + Fr + Fa (14)

The forces expressed above are not quite simple to compute. For this reason the
Environmental Protection Agency (EPA) in the United Stated has conducted a series of
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experiments to express Equation (14) in terms of coefficients depending on the vehicle itself
and its velocity [26,27]. Thus the vehicle road-load force can be expressed as

Ft = A + B v + C v2 (15)

where v is the vehicle speed in m/s; and the A, B, and C coefficients are determined from
the EPA testings for each vehicle. Typically, coefficient A correlates to the rolling resistance,
C to the aerodynamic drag, and B to the rotational losses.

In order to move the vehicle, according to Newton’s law ∑ F = m dv/dt. Hence, the
traction force delivered by the vehicle is by calculated by

Fm = m a + Ft (16)

where m is the total wight of the vehicle, and a its acceleration.

Vehicle Load Torque

the rotational equivalent of force is torque. Both quantities are related through the
radius r of the wheels and the gears ratio g. Considering the traction force giving by
Equation (15) and the vehicles force by Equation (16), the vehicle load toque is

Tl =

(
r
g

) [
A + B v + C v2 + m a

]
(17)

Note that the load torque is equal to the required torque Treq at the drivetrain.

4. Emissions Profile Model

It is well known that the ICE produces toxic gas emissions. The emissions are generated
during the process of converting chemical energy stored in the fuel into mechanical work.
During the combustion process the emissions profile exhibits its maximum when operating
the ICE at low and high loads [28]. The specific fuel consumption (sfc) requirements reach
its lower value within the range of 75% to 85% of the engine Maximum Continuous Rating
(MCR). In order to achieve the minimum emission point the combustion engine must be on
the minimum sfc operation point, this point is defined as Minimum Emission Operating
Point (MEOP).

It is possible to build the emissions model, which will be used in the optimization
process. Given m data points { xi yi }m

i=1 with xi given output power and yi corresponding
CO2 emissions rate; the best fit polynomial for the CO2 emissions f (x) could be developed
using Equation (18) as:

f (x) =
n

∑
k=0

αk xk n < m− 1 (18)

where αk ∀ k coefficients may be found by minimizing the least square error using Equation (19)
as follows

AT A a = AT y (19)

with the coefficients vector a = [α0 . . . αn]T , the sample value vector y = [y0 . . . yn]T , and
A the Vandermonde matrix, given as in Equations (20) and (21).

A =


1 x1 x2

1 . . . xn
1

1 x2 x2
2 . . . xn

2
...

...
...

...
1 xm x2

m . . . xn
m

 ∀xi i = 1 , . . . , m (20)

a = ( AT A )−1 AT y (21)
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Obtaining finally an n degree polynomial representing the CO2 emissions profile, as
given in Equation (22).

f (x) = a0 + a1 x + a2 x2 + . . . + an xn (22)

Typically, the CO2 emission profile is a convex function with a local minimum within
its operation area. Thus the MEOP can easily be found by solving

d
dt

f (x) = 0

for x within range of operation of the combustion engine.
In particular, the engines sfc profile used is depicted in Figure 6. The MEOP occurs at

84% of the engine load with 211.1
[ g

kWh
]

of fuel consumption.

0 20 40 60 80 100 120

Engine load %

205

210

215

220

225

230

235

240

MEOP

Figure 6. Specific fuel consumption of the ICE.

5. Optimization Strategy and Control Scheme

In this section the overall optimization strategy and control scheme is presented. The
main two objectives of the whole system are the regulation of dc link voltage that fed the
inverter, and the minimization of the emission exhaled by the combustion engine.

For the optimization strategy, an arbitrary optimization problem φ is defined by
Equations (23)–(26).

φ = 〈 C , S , ν , f (x) 〉 , (23)

C = x ; x = { x0 , . . . , xn } , (24)

S = x ± δ , (25)

ν = min { f (x)|x±δ } , (26)

where C corresponds to the set of candidate solutions S , with S ⊆ C of the optimization
problem, f (x) is the objective function, ν indicates the optimization sense; x corresponds to
the system state and δ to the variation of the state introduced by the search direction of the
optimization strategy.

The voltage regulation of the Buck-Boost converter, for simplicity, is achieved through
a Perturb & Observe-based optimization algorithm that, according to the output voltage
measurement, chooses whether the duty cycle increases, decreases, or maintains its value.
The strategy is designed to move the duty cycle such that the output voltage stays as near
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as possible to a fixed reference. The algorithm flowchart is shown in Figure 7. First the duty
cycle D and the output voltage vout are sampled, if the voltage is below a reference v∗out the
duty cycle is increased by a constant value δ, if it is above the reference D is decreased by δ,
else the duty cycle remains the same.

!!"#(*) < !!"#∗

no

no

, = ,+-

, = ,−-

yes

yes

!!"# * , ,

!!"# * > !!"#∗

,

, = ,

Figure 7. Buck-Boost voltage optimization strategy flowchart.

Alternatively, to minimize the emissions the optimization strategy is designed to
move the operational point of the ICE towards the MEOP by controlling the power flow
direction in the EM, by means of a MPC scheme. The predicted currents, and hence
predicted electrical torque, that minimize the combustion engine emissions according to
a cost function are applied. The rate of change of the emissions respect to the torque
developed by the internal combustion engine can be assumed to be invariable within one
sample time 0 ≤ t ≤ Ts, with Ts the control platform sampling time.

5.1. Model Predictive Control Scheme

In order to control the dc-link voltage and the electrical drive, and thus the emissions,
a MPC strategy is proposed using optimum voltage space vectors given by the T-type. The
total number of voltage vectors is N = 33 = 27, and by using all the non-zero redundant
voltage vectors in the prediction scheme the dc-link voltage balance is achieved. The model
under prediction is given by Equations (4), (5), (8) and (9). Discretizing the currents and
voltages using the forward Euler method, the predicted currents and voltages within one
horizon of prediction are expressed in Equations (27)–(30) as follows:

id
s (k + 1) =

(
1− Ts

Ls
Rs

)
id
s (k) + ωk Ts iq

s (k) +
Ts

Ls
vd

s (k) , (27)

iq
s (k + 1) =

(
1− Ts

Ls
Rs

)
iq
s (k)−ωk Ts id

s (k) +
Ts

Ls
vq

s (k)−
Ts

Ls
ψm ωk , (28)

vc1(k + 1) = vc1(k) +
1

2 C
io(k) Ts , (29)

vc2(k + 1) = vc2(k)−
1

2 C
io(k) Ts , (30)

where the predictions given by (k + 1) depends on the current state (k). The discretization
occurs at sampling time Ts. The prediction of the electrical torque, and therefore the com-
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bustion engine torque, is obtained by substituting Equations (27) and (28) into Equation (6),
and then into Equation (1), in this way Equation (31) is obtained.

Tce(k + 1) = Treq(k)−
3
2

p
[
ψm iq

s (k + 1) + id
s (k + 1) iq

s (k + 1)(Ld − Lq)
]

. (31)

For Equations (27) and (28) the converters output voltage in the (k) state is given by
v(dq)

s (k) = f̂ (SN , vdc), with f̂ (SN , vdc) a non-linear function depending on the switching
state SN and the total dc-link voltage vdc in the (k) state.

Likewise, in Equations (29) and (30) the neutral point current io(k) is given as
io(k) = ĝ(SN , is), with ĝ(SN , is) a non-linear function depending on the switching state SN
and the load current is in the (k) state, as presented in Equation (10).

The cost function g to be minimized includes the error between the predicted com-
bustion engine torque and the MEOP; the difference between the dc-link voltages; and a
saturation function according to the constrains of the model. As given in Equation (32)

g = |MEOP− Tce(k + 1)|+ ĥ
(

id
s (k + 1), iq

s (k + 1)
)
+ λ|vc1(k + 1)− vc2(k + 1)| (32)

where ĥ corresponds to the saturation function on the maximum stator currents, and λ is a
weighting factor in the dc-link voltage balancing. The control objective J is to minimize
the cost function g as shown in Equation (33).

J = min{g} , (33)

It is evaluated for N − 2 = 25 switching states, excluding the two zero redundant
voltage vectors since they do not contribute tho the charge and discharge of both capacitors.
The flowchart of the MPC strategy is represented in Figure 8.

Finally, the overall optimization and control scheme implementation is represented in
Figure 9.

6 = 25

for 6 = 1, . . . , 25

no

yes

/$%*(*), 9-
,,*

* , !(. * , !(/ * , N$(*)

9- B
, * + 1 = E >B, 9-, *

9-(B)
*

* + 1 = E >B, 9-
*
*

/(% B * + 1 = E 9- B
*

* + 1 , 9-(B)
, * + 1 , /$%* *

!(.(B) * + 1 = E >B, !(. *
!(/ B (* + 1) = E >B, !(/ *

A(6) = 0123 − /(% B * + 1 + Jℎ 9- B
,*

* + 1 + L|!(.(B) * + 1 − !(/ B * + 1 |

min A 6

Figure 8. MPC flowchart.
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Figure 9. Overall optimization strategy and control scheme.

5.2. Convergence of the MPC Algorithm

The MPC optimization approximates an infinite-time problem by solving over a
discrete finite horizon N. Lets extend the optimization problem defined in Equation (33) as
given in Equation (34)

min J(x(k), u(k)) =
N

∑
`=0

d ( z(k + ` | k), T (`) ) (34)

The optimization problem is subjected to discrete state space description of the dy-
namic system given in Equation (35)

x (k + `+ 1 | k) = A x (k + ` | k) + B u (k + ` | k)

y (k + ` | k) = C x (k + ` | k) + D u (k + ` | k)

z (k + ` | k) = E x (k + ` | k) + F u (k + ` | k)

(35)

where z (k) corresponds the tracking output to converge to a bounded target set T as
k → N and d ( z(k + ` | k), T (`) ) to the metric given from each element of the tracking
output set z (k + `) to each target set element T (`) as given in Equation (36)

d ( z(k + ` | k), T (`) ) = min || z(`)− T (`) || (36)

If the optimization problem min J(x(k), u(k)) , ∀ k > 0 has a feasible solution for the
state variable x(k) for any control action u(k), the the optimization problem is feasible
and converges to the global optimum [29], and as a consequence, the tracking output z(k)
converges to the target set T within a finite set of samples N as k→ N [30]

6. Results

Simulation and Hardware-In-the-Loop results of the proposed optimization strategy
are presented in this section. The complete system analysis is done through PLECS and
then validated with the real-time platform RT-Box. For analysis purposes the simulation
and the real-time validation take into account the same scenarios.

As previously mentioned, the HWFET drive cycle was used to evaluate the emissions
of the hybrid vehicle. For simulation purposes only the most critical seconds of the driving
cycle are considered. Between seconds 290 and 310 the highest dv/dt occurs. The speed
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and load torque at which the algorithm is tested are depicted in Figure 10. The EPA Hybrid
vehicle parameters are in Table 2, as a benchmark, parameters similar to a 2015 Toyota
Prius [27] were used.

Figure 10. Critical speed and torque points.

Table 2. EPA Hybrid Vehicle Parameters.

Parameter Value

Weight 1531 [kg]
A 82.3 [N]
B 0.222 [N/ms−1]
C 0.403 [N/m2s−2]

Gear ratio 3.04 [−]
Wheel radius 0.313 [m]

The parameters used for the simulation and the HIL validation are presented in Table 3.
The whole simulation has been implemented in PLECS, the drive system and the PMSM
were modeled using specialized blocks, the overall control scheme for the drive were
written in C code.

Table 3. Parameter used for the simulation.

Parameter Value

Converter Parameters
Vdc dc-Link voltage 800 [V]
C dc-Link capacitor 5000 [µF]

PMSM Parameters
Rs Stator resistance 0.005 [Ω]
Ld direct-axis Stator inductance 0.3 [mH]
Lq quadrature-axis Stator inductance 0.3 [mH]
ψm PM Flux Linkage 0.192 [Wb]
p Pole pairs 4 [−]

Sampling Time
Tdisc Base system discretization time 5 [µs]
Ts MPC Sampling time 10 [µs]
Tdc Buck-Boost optimization algorithm 1 [ms]

MPC Prediction Horizon One
Hardware In the Loop Processing capability 95%
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HIL verification was carried out in a Plexim RT-Box CE HIL, running a TI C2000
micro-controller as shown in Figure 11, various analog outputs signals were captured and
visualized through an external oscilloscope using the RT-Box LaunchPad Interface.

(! − *+, -#

!. -2000

12345ℎ%27 .489:;259

Figure 11. RT-Box CE with the Launchpad Interface.

Offline simulation and HIL validation consider the same scenario for analysis pur-
poses. Step-type changes are applied for the required torque at the HEV drivetrain, in
such way that the electric machine goes from operating in motor mode to generator mode
and vice versa, changing the direction of the power flow in order to reach MEOP of the
combustion engine.

6.1. Simulation Results

The first simulation results presented are the torques at the drive train and the emis-
sions of the ICE in the critical portion of the driving cycle. In Figure 12, the EM changes its
operating point allowing the ICE to work at its MEOP, regardless of drive cycle torque de-
mand. Furthermore, in Figure 13, the instantaneous sfc with and without the optimization
strategy are shown. The optimization strategy moves the sfc to the MEOP, reducing gas
emissions to its minimum. For the case without the optimization strategy, the instantaneous
sfc reflects a high fuel consumption exhaling a greater amount of CO2 into the atmosphere.

Figure 12. Torque at the HEV drivetrain.
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Figure 13. Instantaneous sfc with and without the optimization strategy.

According to EPA [31], the CO2 emissions per gallon of gasoline of a passenger vehicle
are 8887 g/gal, equivalent to 2.34 kg/L. Considering a 73 kW vehicle on highway, the
CO2 emissions of the HEV with and without the optimization strategy are in Table 4. For
the emissions without the optimization strategy only the ICE delivers power due to the
highway operation, different engine load conditions were taken into account. For a near
constant speed on highway the engine at high loads remains close to the MEOP, therefore
the decrease in emissions does not seem much. However, emissions are mainly reduced in
transients periods of acceleration and deceleration where the sfc of the engine moves away
from the MEOP.

Table 4. CO2 emissions on Highway.

Engine Condition Specific Fuel Consumption CO2 Emissions
[g/kWh] [kg/h]

100% load 212.0 51.0
75% load 211.4 50.7
50% load 215.1 51.7
25% load 223.3 53.6

Emission reduction strategy 211.1 50.7

The second simulation results present a dynamic operation under two different sce-
narios. A high torque step from 60 Nm to 174 Nm was applied to vehicle drivetrain. After
the high torque demand took place, an opposite direction high torque was performed from
120 Nm to −40 Nm. The two sudden step changes change the EM operating mode between
Motor and Generator; and vice versa. Figure 14 shows the dynamic response of the vehicle,
the EM currents and the dc-link voltages. The performance of the optimization strategy
is observed. The combustion engine torque converges to the MEOP, when increasing the
required torque the electrical motor changes the operation region from generator to motor,
supplying torque such that the torque developed by the combustion engine reaches MEOP
and stays in its vicinity. On the other hand, the dc-voltage stays near invariant when the
load increased due to effectiveness of the Buck-Boost voltage optimization algorithm and
the MPC voltage balance strategy. The maximum voltage ripple is about 5% and the balance
is such that its difficult to differentiate both voltages since they are superimposed assuring
voltage balancing, with near zero voltage drift. The MPC algorithm is controlling both, the
stator currents and the voltage balance of the dc-link capacitors successfully.
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Figure 14. Dynamic operation of Torques at the drive train, α− β currents, and dc-voltages.

6.2. Hardware-in-the-Loop Validation

In the HIL validation the same scenario was taken into account. The whole system
is virtualized and waveforms of interest are observed through an oscilloscope from the
Launchpad Interface, the HIL set up is shown in Figure 15 for the stator currents α− β
Figure 15a and torques at the drivetrain Figure 15b.

&! − 234 5#

S+3>' 0-?/;-</3*
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(b)

Figure 15. (a) Stator α− β currents HIL validation. (b) Torques from Minimum emission optimization
algorithm HIL validation.

For the real-time Hardware-In-the-Loop simulation, the previous scenario of step
up and step down torque was taken into account. The torques at the drive train, stator



Electronics 2023, 12, 1474 16 of 20

currents, and dc-link voltages for the step-up scenario are in Figure 16, while for the step-
down, the same waveforms are shown in Figure 17. The torque of the combustion engine
reaches the MEOP in a high magnitude abrupt torque demand operation, guaranteeing
a minimum CO2 emission, as shown in the offline simulation, validating all the results
obtained previously. The waveforms of the currents exhibit a sinusoidal pattern, the
amplitude change is almost instantaneous due to the fast response of the control algorithm,
the phase change of the currents follows the same behavior as the offline simulation. Finally,
the voltages of the DC link capacitors present low ripple without voltage imbalance between
them, validating the results obtained previously.

Figure 16. HIL dynamic response against step up high torque demand. (a) Torques at the drivetrain.
(b) α− β Currents. (c) dc-Link voltages.
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Figure 17. HIL dynamic response against step down high torque demand. (a) Torques at the
drivetrain. (b) α− β Currents. (c) dc-Link voltages.

7. Discussion

The optimization strategy ensures the ICE developed torque operating within min-
imum emissions operational region. On the other hand, the electric drive is capable to
operate in both motor and generator regions. In the motor operation region the electrome-
chanical torque is used to move the combustion engine operation point into it’s minimum
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emissions zone, while in the generator operational region the residual torque of the com-
bustion engine is used as regeneration. The MPC strategy ensures optimum performance
in both motor and generator operation regions, ensuring full current reference tracking
capability, simultaneously, balance the voltage of the T-type dc-link capacitors, reducing
voltage drift. The Buck-Boost voltage optimization algorithm ensure a near constant fed to
the dc-link, decreasing the total ripple of the voltages, hence on the current as well.

Finally, the results were validated using HIL real-time simulation modelling the entire
system and its control, the similitude between the offline and the HIL simulation validates
the optimization strategies proposed.

8. Conclusions

Emissions were reduced with the optimization algorithm implemented on a tandem
HEV drive, thus ensuring the Internal Combustion Engine on its most fuel efficient op-
erational point, reducing total CO2 emissions. This fact also proves the versatility and
capability of the MPC constraints to deal with the optimization problem. The unbalance
of the T-type dc-link voltages was solved by including the prediction of the capacitors
voltages in the cost function, thus the torque and voltage balancing are controlled by the
MPC algorithm. The Buck-Boost optimization algorithm sets the dc-link fed voltage near
constant, providing high-quality dc supply to the inverter stage. Results were validates
by means of HIL real-time simulation, where both HEV and controllers were discrete
implemented using a dedicated external microprocessor TI C2000. Hardware in the Loop
real-time simulation provides near real setup implementation to test the effectiveness of
the overall control scheme. MPC has proven to be a powerful and versatile control strategy
to deal with multi-objective control problems, as presented in this work, being capable
to ensure full electric drive control, with dc-link voltage balancing capability and also
ensuring minimum emissions operation of the internal combustion engine, becoming a
very interesting alternative to classic control approach for its application on Hybrid Electric
and Full Electric Vehicles.
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Abbreviations
The following abbreviations are used in this manuscript:

Symbols:
Rs Stator resistance
Ld Direct axis inductance
Lq Quadrature axis inductance
idq
s Stator current space vector in the d q synchronous reference frame

vdq
s Stator voltage space vector in the d q synchronous reference frame
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C dc-Link capacitors capacitance
D Duty cycle of the Buck-Boost converter
ψm Permanent magnets flux linkage
Tce Combustion engine torque
Te Electromechanical torque
Treq Required torque at the drivetrain
Abbreviations:
AC Alternating current
ac Alternating current
CCM Continuous current mode
DC Direct Current
dc Direct current
EV Electric vehicle
EPA Environmental Protection Agency
HEV Hybrid electric vehicle
HIL Hardware-in-the-loop
HWFET Highway Fuel Economy Test
ICE Internal combustion engine
IGBT Isolated gate bipolar transistor
MCR Maximum continuous rating
MEOP Minimum emissions operating point
MOSFET Metal oxide semiconductor field effect transistor
MPC Model predictive control
NPC Neutral point clamped
PMSM Permanent magnet synchronous machine
P&O Perturb & Observe
sfc specific fuel consumption
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